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The forefront of the 21st century presents ongoing challenges in economics, energy, and 
environmental remediation, directly correlating with priorities for U.S. national security.  
Displacing petroleum-derived fuels with clean, affordable renewable fuels represents a solution 
to increase energy independence while stimulating economic growth and reducing carbon-based 
emissions.  The U.S. government embodied this goal by passing the Energy Independence and 
Security Act (EISA) in 2007, mandating 36 billion gallons of annual biofuel production by 2022.  
Algae possess potential to support EISA goals and have been studied for the past 30-50 years as 
an energy source due to its fast growth rates, noncompetitive nature to food markets, and ability 
to grow using nutrient waste streams.   Algae biofuels have been identified by the National 
Research Council to have significant sustainability concerns involving water, nutrient, and land 
use.  Utilizing municipal wastewater to cultivate algae provides both water and nutrients needed 
for growth, partially alleviating these concerns. 
This dissertation demonstrates a pathway for algae biofuels which increases both 
sustainability and production of high-value products.  Algae are cultivated in pilot-scale open 
ponds located at the Lawrence Wastewater Treatment Plant (Lawrence, KS) using solely effluent 
from the secondary clarifier, prior to disinfection and discharge, as both water and nutrient 
sources.  Open ponds were self-inoculated by wastewater effluent and produced a mixed-species 
culture of various microalgae and macroalgae.  Algae cultivation provided further wastewater 
treatment, removing both nitrogen and phosphorus, which have devastating pollution effects 
when discharged to natural watersheds, especially in large draining watersheds like the Gulf 
Coast.  Algae demonstrated significant removal of other trace metals such as iron, manganese, 
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barium, aluminum, and zinc.  Calcium did not achieve high removal rate but did present a 
significant portion of algae biomass total weight; wastewater treatment using nitrification 
requires significant daily additions of buffers, most commonly lime or calcium hydroxide.  
Accumulation of these ions and metals in wastewater-cultivated algae results in a biomass with 
substantial amount of inorganic ash content.  The cultivated biomass was converted to a carbon-
rich biocrude, similar to petroleum crude oil, through a process called hydrothermal liquefaction 
(abbreviated as HTL), which uses subcritical water (water just below its supercritical point) as 
the chemical driving force for conversion.  Biomass HTL produces four product fractions; liquid 
biocrude, solids (referred to as biochar), an aqueous product (referred to as aqueous co-product; 
abbreviated as ACP), and gasses.  Many factors contribute to the overall viability of using algae 
HTL biocrude as a petroleum displacement, particularly yield and quality are important for 
overall economics and ability to utilize existing refining infrastructure, respectively. 
The HTL product distribution and quality of wastewater-cultivated algae has been found 
to be extremely unique with significant advantageous over controlled fertilized growth strategies.  
Biocrude yields of were typically lower but substantially higher quality with lower oxygen 
content and higher amounts of direct fuel distillate fractions.  This phenomenon is contributed to 
the fact that large amounts of pure-phase substituted hydroxyapatite (a calcium orthophosphate 
material) are synthesized in-situ, providing catalytically active sites.  Hydroxyapatite 
(abbreviated HA) is a widely studied material for bone (and dental) tissue regeneration purposes 
and its acid-base catalytic properties.  The specific HA produced during HTL of wastewater-
cultivated algae presents unique characteristics for performance and tunability in each respective 
application, providing novel economic value streams for the production of algal biofuels.  The 
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overall work of this dissertation concludes Lawrence Wastewater Treatment Plant could produce 
10-18 barrels of crude oil and over 2 metric tons of refined hydroxyapatite per day for the 
creation of revenue sales. 
The work within this dissertation encompasses novelty of characterization methods, HTL 
feedstocks, and identification of high-value products.  Overall, efforts to demonstrate the 
feasibility of a sustainable biofuel strategy resulted in formulating hypotheses which led to novel 
discoveries in creating high-value heterogeneous catalysts and biomedical materials.  The works 
presented have the potential to produce an overall process capable of selling significant 
quantities of biofuels as a by-product and not as the main economic generator, laying the 
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 A biofuel, as defined by Merriam-Webster, is a fuel composed of, or produced from, 
biological raw materials.  Biofuels can be in any state of matter, solid, liquid, or gas, and used for 
various applications including transportation, heat, and even the base fuel for electricity 
production.  Traditionally, society has used fossil fuel sources, such as petroleum crude, coal, 
and natural gas for both transportation needs and heating duties.  However, factors such as but 
not limited to, market volatility, availability, environmental concerns, and socioeconomic control 
of these fossil sources has drastically increased the desire to create sustainable renewable fuels.  
The U.S. government has played a pivotal role by passing the Energy Independence and Security 
Act of 2007, mandating 36 billion gallons of annual transportation biofuel production by 2022.1, 2   
 Transportation biofuels are the primary focus for this dissertation, which typically include 
ethanol, biodiesel, and green gasoline/ diesel/ jet fuel (green-GDJ).  Biodiesel is commonly 
confused with green-GDJ; however, the two are fundamentally and chemically different.  
Biodiesel is a generic name for fatty acid methyl esters (FAME) derived from the 
transesterification reaction of triglycerides and esterification of fatty acids.  Green-GDJ are 
mixtures of hydrocarbons and aliphatics with similar compositions and boiling points of fuels 
produced from traditional petroleum refining which have been derived from a renewable source 
in place of a fossil source.  In general, a biofuel’s usability in the market place can be associated 
with three main factors; 1) What is the biological raw material to produce the fuel?  Is that raw 
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material used in existing industries, and therefore compete in the market, i.e., is there a food for 
fuel debate?  2) Can that fuel be economically produced from the biological source; including 
both cultivating raw biomass and chemically transforming the biomass into fuel, and 3) Can the 
biofuel integrate seamlessly into the existing infrastructure, regarding both refining and end-use?   
 Each biological raw material(s), or feedstock, must undergo a chemical transformation 
and/or deconstruction chemistry to produce an end-use biofuel product.  In general, feedstocks 
can dictate which transformation technology would be employed to produce a specific biofuel.  
Table 1-1 outlines transformation technologies that can be applied to various feedstocks to 
produce the three main biofuels indicated above. 
 
Table 1-1. Feedstocks and corresponding transformation technologies for specific biofuels. 
Biofuel Transformation Technology Feedstock 
Ethanol Fermentation Corn 
  Soybeans 
  Sugar cane 
  Switch grass 
  Wood   Agriculture residue 
   Biodiesel Transesterification Vegetable oil 
  Waste cooking oil 
  Animal tallow 
  Jatropha 
  Algae 
   Green-GDJ Hydrodeoxygenation Bio-oil(s) 
 Fisher-Tropsch post gasification All 
 Upgrading post pyrolysis All 




Cross referencing Table 1-1 to the three main factors of biofuel adoption will enable optimal 
choices for successful and sustainable biofuel production.  Feedstocks such as corn, soybeans, 
sugar cane, and vegetable oil incorporate undesired food for fuel concerns.  Ethanol produced 
from grasses, wood, and agriculture residues are commonly referred to as cellulosic ethanol.3  
Although cellulosic ethanol has promise, when evaluating factors 2 & 3, this biofuel has 
significant shortcomings in both economic transformation and end-use.3  Deconstruction of the 
main components of biomass to fermentable sugars has proven inefficient and relies heavily on 
converting other components of the biomass, hemi-cellulose and lignin, into usable bi-products 
for an economic return.4  Ethanol as a transportation fuel itself has significant shortcomings.  
Ethanol can only be combined with gasoline up to a certain blend because of its low energy 
density, solubility with water, and high oxygen content; commonly requiring engine 
modifications in order to burn significant concentrations within a fuel blend.5, 6  Biodiesel has 
similar limitations; the transesterification of oils and fats requires initial separation of those oils 
from the base feedstock again requiring creation of separate value streams for both the residual 
biomass components and transformation side-products.7-9  In addition, biodiesel is another 
oxygenated compound and depending upon the exact chemical fatty acid structure can have poor 
physical properties as a liquid fuel.  For example, the cold point, or the temperature at which the 
fuel begins to solidify, is above typical ambient (winter) temperatures in the U.S. throughout a 
given year.10  Therefore, biodiesel can require significant blending with conventional diesel in 
order to maintain proper engine performance.  These factors tend to limit the quantity of 
biodiesel which is widely consumed.  The feedstocks used for biodiesel production also require 
extensive pre-treatment to obtain a pure bio-oil, or triglycerides, which then can be converted to 
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FAMEs.  This leaves significant portion the biomass requiring either separate transformation 
and/or incorporation into separate value streams for optimal economic return, further limiting the 
amount of biodiesel widely produced.11 
 Since the chemical compounds of Green-GDJ are no different than petrol fuels, it 
represents the main biofuel which can integrate optimally into existing infrastructure, specifically 
at the end-use.12  Green-GDJ is also the most feedstock agnostic, allowing essentially any type of 
biomass to be converted to green-GDJ depending upon the transformation technology.  The 
specific transformation technology employed for producing green-GDJ is where issues may 
arise.  Hydrodeoxygenation of bio-oil(s) to green-GDJ suffers similar pre-treatment requirements 
as biodiesel.13-15  Further, the main by-product of hydrodeoxygenation is carbon dioxide (CO2) 
and/or carbon monoxide (CO).  These products drastically reduce carbon efficiency; therefore, 
after pre-treatment and hydrodeoxygenation the overall carbon balance from initial biomass 
feedstock to green-GDJ can be very low.  Fischer-Tropsch (FT) synthesis is the combination of 
hydrogen gas and CO to produce liquid fuels, thus, to produce green-GDJ from a particular 
feedstock the biomass must first be gasified into these components before synthesis.15, 16  Both 
gasification and FT each require energy and produces CO2, again, reducing the overall energy 
and carbon efficiencies.  Pyrolysis is the thermal breakdown of biomass in the absence of water 
and oxygen producing a solid char and condensable gasses.17  Once these gasses are condensed 
to pyrolysis oil, the oil can be upgraded to a viable green-GDJ fuel.18  Upgrading generally 
consists of cracking, or reducing molecular weight distribution resulting in lower boiling point 
distillates, and heteroatom removal, i.e., removing oxygen, nitrogen, and sulfur.  The main 
concerns with pyrolysis technologies are drying of the feedstock and the significant heteroatom 
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content (oxygen and nitrogen) of the condensed gasses.  Pyrolysis oils from biomass can have 
upwards of 30 weight % (wt%) oxygen and higher with considerable acid contents.17  This 
results in stability issues and must be extensively upgraded rather quickly to reduce the oxygen 
content.  Oxygen can be removed via hydrodeoxygenation, requiring large amounts of hydrogen, 
to produce CO2.  Since pyrolysis is a dry process, wet biomass such as algae requires extensive 
drying negatively impacting the overall energy balance of the system.19  Algae as a biofuel 
feedstock will be expanded in section 1.2: Algae.  Producing green-GDJ from the upgrading of 
biocrude, or carbon-rich crude oil similar to petroleum, produced from hydrothermal liquefaction 
(HTL) of biomass serves as an extremely attractive process.  HTL uses hot compressed water, 
below the supercritical point (374°C and 22 MPa), as the chemical driving force to decompose 
biomass resulting in the desired biocrude.  The utilization of HTL to convert algal biomass into 
valuable products is the main focus of this thesis outlined in section 1.4: Hydrothermal 
Liquefaction (HTL) and a thorough review on HTL of algae is discussed in Chapter 2: 
Hydrothermal Liquefaction Review. 
1.2 Algae 
 Algae represent one of the oldest, highly abundant sources of flora, typically representing 
the basis of the majority of food chains, on the planet.20  Algae are highly prolific and 
predominately photosynthetic aquatic organisms which require certain essential components for 
growth, including nitrogen, phosphorus, carbon and trace elements.   In addition, algae are 
extremely diverse and opportunistic organisms which can extract their essential components 
from a variety of sources, including wastewaters.21-24  Therefore, algae can utilize non-potable 
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water, non-arable land, and waste streams making them attractive as a biofuel feedstock by 
eliminating any food for fuel concerns.  Algae proliferation, in terms of biomass productivity, 
has been shown to exceed that of terrestrial flora normalized to the area of land use.25  Algae also 
accumulate lipids and fats as triglycerides and free fatty acids in higher amounts than terrestrial 
flora seeds per unit area.26  Table 1.2 indicates oil production of algae compared to terrestrial oil 
producing seed crops.27  The range oil from algae given is based on a best case scenario and a 
theoretical maximum.  Algal growth conditions, specifically nitrogen and phosphorus 
availabilities, greatly affect the lipid or oil productivity of any given algal species.28  A 
simplified version of the well-known algal Redfield ratio29 for carbon, nitrogen, and phosphorus 
is 106:16:1, respectively, representing a theoretical molecular formula for algae biomass.  
Deviations from the Redfield ratio for nitrogen and phosphorus (N:P) results in different algae 
assemblages; high lipid accumulation/ low proliferation or low lipid accumulation/ high 




Table 1-2. Oil production of various biomass per unit area.27, 31 
Oil Production per Area 
(gal acre-1) 
Algae 4,000 -38,00027 











 The National Research Council (NRC) of the National Academies evaluated a wide array 
of algal cultivation strategies in conjunction with the various conversion technologies, with the 
exception of HTL, to understand the sustainability concerns for large scale implementation of 
algal biofuels.32  The findings of the report concluded the major concerns were the availability of 
water and nutrients during algae cultivation.  In other words, for long-term sustainability of algae 
biofuels it is necessary to exploit the opportunistic growth capabilities of algae, as previously 
described.  This also implies there must be efficient material balances toward valuable products, 
post algal cultivation, in order to efficiently utilize the water and nutrients used during 
cultivation.  An under-utilized source of both water and nutrients, viable for algal cultivation, is 
municipal wastewater.  A of the primary goal of the work presented in this dissertation is to 
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demonstrate the sustainability of algal biofuels by utilizing municipal wastewater for algae 
cultivation.  
1.3 Wastewater Cultivation of Algae 
 The objective of a wastewater treatment plant is to reclaim polluted waters for safe 
further use either by society or the environment.33  The primary concern for a typical municipal 
wastewater treatment facility is to remove insoluble and soluble organic materials.  This is 
achieved by various stages of solid separations/ settling processes in combination with activated 
sludge, or bacterial, digestions of the particulate and dissolved organics; commonly referred to as 
primary and secondary clarification, respectively.  Not all wastewater plants are design equally. 
Each plant is designed and operated based off its respective governing body, i.e., each city and 
state may have different regulations, above that of the EPA, to achieve a particular maximum 
allowable lever of a particular “pollutant”.  Some commonly regulated pollutants are arsenic, 
atrazine, barium, chromium, fluoride, copper, lead, nitrate, selenium, chloramine, and total 
organic carbon (TOC).  There also exists a class of unregulated components which have federal 
recommendation levels which are monitored to help in the development of future regulations, 
such as, calcium, magnesium, nickel, and total phosphorus to name a few.  No current federal 
regulations exist for removing total nitrogen (TN) and total phosphorus (TP), however, there are 
future expectations.  Therefore, a typical wastewater treatment plant discharges significant 
amounts of both nitrogen and phosphorus, providing a source of both water and nutrients in 
which the algal biofuel sector can take full advantage. 
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 High levels of TN and TP in a treatment facilities discharge waters can result in negative 
effects when introduced to natural water bodies.  This is particularly seen throughout the 
Mississippi delta area in the Gulf Coast.34  These high levels of TN and TP cause algal blooms to 
occur where they normally would not; when an algal bloom dies the resultant organic matter is 
decomposed by a drastic increase in bacterial respiration.  The increase in bacterial growth 
depletes the dissolved oxygen within the water body leading to anoxic conditions, which is 
highly detrimental to the natural ecosystem.  Therefore, when algae is cultivated in a contained 
area around a wastewater treatment facility a win-win scenario is obtained by removing the TN 
and TP before water discharge, eliminating future devastation to ecosystems,35 and producing 
substantial biomass for biofuels/ chemicals feedstock.  This strategy has dual benefit; production 
of sustainable algae biomass and economically viable means to meet expected future regulations 
for nitrogen and phosphorus at wastewater treatment facilities. 
1.4 Hydrothermal Liquefaction (HTL) 
 Hydrothermal liquefaction (HTL) utilizes subcritical water chemistry to convert biomass 
to a carbon-rich biocrude.36, 37  Divergent from ambient water, subcritical water properties 
include a decreased dielectric constant, increased ionic product, and decreased density38 which 
provide an acid-base reaction media capable to solubilize organic compounds.39  HTL is 
particularly advantageous for algae conversion for multiple reasons.  Algae biomass consists of 
macromolecules which include lipids and oils, carbohydrates, and proteins.  Processes such as 
transesterification and hydrodeoxygenation solely utilize the lipid and oil content of the biomass 
where the remainder of the cell must be used elsewhere.  Efficient use of the growth resources, 
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water and nutrients, dictates a whole cell conversion technology must be employed, and 
therefore, restricted to gasification, pyrolysis, and HTL.  As stated earlier, gasification and 
pyrolysis are dry processes.  Since algae are an aquatic biomass and cultivated in relatively low 
solids concentrations these conversion technologies will have limited energy efficiencies when 
processing as a dry biomass.  HTL of algae typically proceeds as 5- 20 wt% solids concentration 
which represents the minimum of dewatering needed based on conversion technologies listed in 
Table 1-1 and also represents the only wet whole cell conversion technology.  During HTL of 
algae, macromolecules are broken down and recovered as a biocrude with similar composition 
and properties to petroleum crude37, 40, 41 and capable of refining similar to petroleum crude to 
produce end-use fuels and chemicals.  A detailed overview and prior work review of algae HTL 
will be covered in Chapter 2: Hydrothermal Liquefaction Review.  
1.5 Research Goals 
 The primary goals of the work presented in this dissertation are to establish a baseline 
study for the effectiveness of producing bio-based fuels and chemicals from algae cultivated with 
municipal wastewater as the sole nutrient and water source.  Utilizing both reclaimed water and 
nutrients greatly increases the overall sustainability of algae cultivation while contributing to an 
increased environmental remediation effort.  Algae cultivated in such a manner are shown to 
have significant differences from a controlled media growth, primarily in proximate and ultimate 
contents of the biomass.  Once the algae were successfully cultivated, chemical transformation 
efforts are demonstrated through the use of HTL, representing the first study which was 
conducted using a mixed microalgae species and the first to utilize HTL on algae sultivated soley 
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from water and nutrients provided by a functioning wastewater treatment facility.  Due to the 
cultivation strategy, algal variances carry downstream to HTL, which resulted in unexpected 
results, initially thought to be simply higher production rates of solid products.  However, the 
work herein details the formulated hypotheses, experimental methods to confirm the hypotheses, 
and the discovery process of value-added components produced during the HTL of the algal 
biomass used.  This work represents the foundation to achieve an overall process where algal 
biofuels are considered lower value by-product of producing higher-value catalysts and 
biomedical materials.   
1.6 Research Work Overview and Outline 
 This dissertation is outlined in the following manner.  A detailed review of algae HTL 
will be given in Chapter 2, to include previous works with the current literature detailing algae 
conversion with HTL.  Chapter 3 outlines the materials used and methods performed for each 
subsequent chapter of the dissertation and will be used as reference within each chapter 
respectively; highlighting a novel method developed for achieving a full proximate analysis of 
biomass to overcome shortcoming identified in the current ASTM method for ash determination.  
The initial results of this dissertation will begin in Chapter 4 detailing the algae cultivation (from 
2011) and its conversion via HTL.  This chapter includes information from both a mixed-culture 
algae biomass, cited in Energy & Fuels, and macro-algae, work previously presented at a 
national conference (American Institute of Chemical Engineers Annual Meeting 2012), which 
were harvested from the same cultivation pond.  The results and discussions from performing 
HTL on algae cultivated in 2013 are found in Chapter 5.  Using knowledge gained and 
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hypotheses formulated from the previous chapter, this section details the discovery process of 
value-added product synthesis, and potential market places.  Chapter 6 expands the discussion of 
in-situ synergies between the main HTL products and potential uses of the value-added products 
produced from the 2013 algae.  Chapter 7 details future work that will need to be performed to 
answer the next round of questioning that pertains to the discoveries made and potential uses 
discussed in Chapter 5 & 6, respectively.  Concluding remarks are made in Chapter 8.  
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2 Hydrothermal Liquefaction Review 
2.1 Background 
Properties of water such as dielectric constant, ionic product, viscosity, density, heat 
capacity, and compressibility are highly temperature dependent, especially at temperatures when 
approaching the supercritical point.1  In this regime, water acts more as an organic solvent 
capable of both solubilizing traditionally insoluble components such as fats and oils and 
performing chemistries including acid-base reactions, hydrogen donation, free radicals, cracking, 
polymerization, hydrolysis, dehydration, and Maillard reactions.2  Hydrothermal processing of 
biomass has been described via three steps; 1) depolymerization of biomass, 2) decompositions 
of monomers, and 3) recombination of reactive fragments,2 where each mechanism and its extent 
are controlled by the compounds present and the reaction temperature.  This greatly effects the 
product fraction distributions from hydrothermal processing, shown in Figure 2-1.  Hydrothermal 
processing includes three main categories; hydrothermal carbonization (HTC), hydrothermal 
liquefaction (HTL), and hydrothermal gasification (HTG).  Each category typically defined by 
the temperature ranges of 100-200 °C, 200- 350 °C, and 350-750 °C for HTC, HTL, and HTG, 
respectively.1  As reaction temperature increases for each reaction class, the main products 
(desired) are solid biochar, biocrude, and gasses.  Since each conversion temperature uses water 
as the reaction media, each process produces an aqueous co-product (ACP) comprised of soluble 
organics and inorganic ions.  Beyond algae, hydrothermal processing has been used for 




Figure 2-1. Product fractions for hydrothermal conversion of biomass.  Main product for HTC, 
HTL, and HTG are solid biochar, biocrude, and gasses, respectively. 
2.2 Literature Data 
The majority of studies to date involving the HTL of algae are small scale batch systems 
from ranging from 5 mL to 1.8 L,11, 12 however, recently a few continuous systems have been 
reported.13-15  Although batch systems do not necessarily mimic commercial scale operation, they 
provide a platform in which reliable and rapid data collection can be performed in order to better 
understand product distribution and quality over a wide range of operating parameters and algal 
feedstocks.  In addition, HTL studies have been performed in the presence of various 
heterogeneous and homogeneous catalysts.16-22 
 A typical batch operation of algae HTL includes a series of reaction, product removal/ 
separations, and product analysis stages.  Reaction parameters of interest are typically percent 
solids (of algae), temperature, and time held at desired temperature.  Ranges for these parameters 
have been studied from 5-20 wt%, 200- 350°C, and 5 min- 1 hr, respectively.23  Product 
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separation techniques can, and generally do, include solvent extraction of the reaction products 
and reactor vessel, which results in a three phase system including organic liquid phase, aqueous 
liquid phase, and solid phase, representing the three main products described in Figure 2-1.  The 
most common solvent used has been dichloromethane due to its volatility, solubility with 
biocrude components, and suitability for a gas chromatography analysis solvent.  Other solvents, 
such as hexadecane, decane, hexane, cyclohexane, methoxycylopentane, and chloroform, have 
been studied to determine the effect of bulk yield and elemental recovery on extraction 
technique.24  However, these solvents have been primarily studied solely for research purposes 
and if solvent extraction is deemed necessary at full commercial scale both choice of solvent and 
process design could contribute greatly to the overall sustainability and life cycle assessment of 
the process.   Certain solvents, such as hydrocarbons, would represent molecules actually 
produced during HTL and could be separated and recycled to an extraction unit operation 
without the addition of new input streams.  
 Once the products are separated, various analytical tools are used to determine properties 
such as elemental content, particularly, carbon, hydrogen, nitrogen, and oxygen (CHNO or 
ultimate analysis),  molecular profile through gas chromatography with mass spectrometry 
detection (GC-MS), and higher heating value (HHV) or energy content.  Most data collected 
measures these parameters along with bulk yields of each product as a unit of measure for the 
reaction efficacy and are commonly used as comparison amongst data. 
 In general, the goal is to produce a biocrude with as similar properties to that of 
petroleum crude.  Petroleum crude oil has reported ranges for CHNO and HHV presented in 
Table 2-1.12, 25, 26 
18 
 
Table 2-1. Properties of petroleum crude oil. 
Petroleum CHNO (wt%) 
and HHV (MJ kg-1) 
C 83- 87 
H 10- 14 
N 0.1- 1.5 
O 0.5- 6 
HHV 41- 43 
 
In contrast, the ultimate analysis of biocrude produced from the HTL of algae differs from that of 
petroleum, typically with lower C & H and higher N & O, requiring HTL biocrude to be 
upgraded to remove heteroatoms and increase the C & H content prior to end-use.  Table 2-2 
presents the average and standard deviations of bulk yields and biocrude properties reported in 
the literature from a number of different species of micro- and macro-algae processed under 
similar HTL conditions which are most relevant reaction conditions applicable to those presented 
in further chapters of this dissertation; average reaction temperature of 350 °C, 10 wt% biomass 
solids, and up to 1 hr reaction time.  These conditions also represent a relative optimum for both 
biocrude production and quality.12, 27-32  It has also been shown that shorter reaction time can 
promote increased productivity of biocrude with the expense of producing a lower quality crude, 
i.e., higher heteroatom content.11   Table 2-3 comprises the individual data reviewed for 
obtaining the averages in Table 2-2.  Interestingly, even under similar reaction conditions, 
similar algae species produce varying HTL results, and overall, the bulk yields present 
significant variance while still producing biocrude with relatively similar CHNO content, where 
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the individual C & O content of the biocrude has the highest degree of variance among the 
ultimate analysis. 
 
Table 2-2. Average literature data on algae liquefaction at similar reaction conditions.  
Average HTL Results 
Yields wt%   
Biocrude 35.7 ± 15.1 
Solids 15.6 ± 18.1 
Aqueous 26.4 ± 16.4 
    Biocrude wt% 
  C 72.3 ± 3.4 
H 8.9 ± 0.7 
N 5.6 ± 1.2 
O 11.8 ± 4.6 





Table 2-3. Bulk yields and biocrude properties from published data on HTL of algae. 
 
Algal species 
Product Yields (wt%) Biocrude Properties (wt%)  
Oil Solid ACP C H N O HHV (MJ/Kg) Reference 
Micro           
1 Spirulina platensis 32 5 44 72.3 9.0 5.7 11.7 35.3 12 
2 Nannochloropsis Occulata 35 2 60 68.1 8.8 4.1 18.9 34.5 33 
3 Porphyridium cruentum 21 9 71 72.8 8.5 5.4 13.3 35.7 33 
4 Scenedesmus sp. 45 7 17 72.6 9.0 6.5 10.5 35.5 34 
5 Spirulina sp 31 11 23 72.2 9.1 8.1 9.2 35.8 34 
6 Nannochloropsis sp. 30 5 29 75.8 10.6 4.5 9.1 N/A 24 
7 Chlorella sp. 25 20* 50 70.7 8.6 5.9 14.8 35.1 35 
8 Nannochloropsis sp. 10 75* 15 68.1 8.8 4.1 18.9 34.5 35 
9 Porphyridium sp. 10 50* 40 72.8 8.5 5.4 13.3 35.7 35 
10 Spirulina sp. 15 45* 35 73.3 9.2 7.0 10.4 36.8 35 
11 Tetraselmis sp. 41 14 12 71.0 9.5 5.0 14.0 35.0 32 
12 Phaeodactylum tricornutum 39 6 21 75 10 5 10 37 30 
13 Scenedesmus obliquus 51 5 11 73.2 8.9 6.3 8.1 35.6 36 
14 Phaeodactylum tricornutum 54 7 13 73.4 9.1 5.8 7.8 35.9 36 
15 Nannocholoropsis gaditana 54 6 19 74.7 9.9 5.2 8.5 37.2 36 
16 Scenedesmus almeriensis 58 3 13 74.3 9.1 6.1 8.4 36.2 36 
17 Tetraselmis suecica 46 4 15 74.0 9.0 6.1 7.7 36.0 36 
18 Chlorella vulgaris 55 4 17 72.5 8.7 7.1 8.6 35.0 36 
19 Porphyridium purpureum 47 3 16 73.9 8.2 6.8 8.7 35.0 36 
20 Dunaliella tertiolecta 55 6 18 72.0 8.8 6.2 9.9 34.9 36 
Macro           
21 Sargassum patens 29 33 7 64.6 7.4 2.5 22.0 27.1 37 
22 Laminaria saccharina 19 20 26 80.1 8.3 5.4 6.1 38.5 29 
23 Enteromorpha prolifera 19 18 35 64.5 7.7 5.4 22.5 28.7 27 
Typical reaction conditions are 320-370°C, 10 wt% algal solids, and 1 hr reaction time.  
                                                 
* Value includes solids and gas product yields 
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Even though the ultimate analysis of the biocrude is promising, there is still a significant gap 
between HTL biocrude and petroleum crude.  This is easily seen within the Van Krevelen 
diagram presented in Figure 2-2.  A Van Krevelen diagram shows the relationship between 
carbon, hydrogen, and oxygen, where a desirable fuel has large magnitude in the y-axis and 
small magnitude in the x-axis.  This region would indicate a high energy density fuel with little 
upgrading needed to remove oxygen. 
 
 
Figure 2-2. Van Krevelen diagram from literature HTL biocrude data contained in Table 2-1 and 




















O/C Atomic Ratio 
Light Petroleum Heavy Petroleum 1 Spirulina platensis
2 Nannochloropsis Occulata 3 Porphyridium cruentum 4 Scenedesmus sp.
5 Spirulina sp 6 Nannochloropsis sp. 7 Chlorella sp.
8 Nannochloropsis sp. 9 Porphyridium sp. 10 Spirulina sp.
11 Tetraselmis sp. 12 Phaeodactylum tricornutum 13 Scenedesmus obliquus
14 Phaeodactylum tricornutum 15 Nannocholoropsis gaditana 16 Scenedesmus almeriensis
17 Tetraselmis suecica 18 Chlorella vulgaris 19 Porphyridium purpureum




 In addition to the heteroatom content, the molecular profile of a biocrude is also 
important to understand in terms of upgrading to an end-use fuel.  Typical biocrude from HTL of 
algae contain a wide array of chemical compounds with typical classes including straight chain 
and branched alkanes and alkenes, aromatics, keytones, fatty acids, fatty acid amides, alcohols, 
phenolics, indoles, pyridines, and nitriles.22, 38  Identifying specific molecules within the HTL 
biocrude is important when deciding on particular upgrading strategy to remove the heteroatom 
content and increase the lower boiling point distillates.  Cracking the higher boiling point 
distillates such as the vacuum gas oil and vacuum gas residual fractions will increase profitability 
of the biocrude by producing a larger fraction of useable fuels.  Further detail of biocrude 
molecular profiles and distillate fractions from the literature will be discussed in relationship to 
the data collected for this dissertation and presented in Section 6.1: In-situ Catalytic Upgrading 
of the Biocrude from Hydroxyapatite Crystallization. 
 Other studies on the HTL of algae and related components have included the evaluation 
of algae with different biochemical components as compared to model compounds such as 
various proteins, sugars, and oils; which showed lipids and proteins are converted most readily 
into biocrude product with the carbohydrates more easily converted under alkali catalysts.35  
Converting the protein and carbohydrate portions of an algae cell into a viable biocrude (beyond 
lipids) makes HTL a highly suitable conversion route for low- lipid containing algae39 or algae 
residuals which have gone through a lipid extraction process,15, 34 where some cultivation 
strategies want to promote accumulation of omega-3 fatty acids for nutraceutical industry as a 
lucrative option to replace marine fatty fish.40  Therefore, once these industries obtain their 
valuable lipids the remaining fraction of the algae biomass is a suitable biofuel feedstock.  In 
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addition to lipids, HTL has also been used to extract polysaccharides prior to conversion to a 
biocrude.41  Further fundamental studies have been reported in efforts to understand the 
complexity of reactive biomolecules in the presence of subcritical water and develop a reaction 
network to begin to understand kinetic parameters in regards to the formation of the bulk 
products formed shown in Figure 2-1.42 
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3 Experimental Materials and Methods 
 Herein, the work represents the culmination of combined studies from two main lots of 
algae biomass cultivated and harvested in 2011 and 2013 from the Lawrence, KS Wastewater 
Treatment Plant.  For identification purposes, the biomass, reaction parameters, and 
characterization techniques will be referred to by the corresponding year the algae was 
harvested; referred from here on as algae lot# 2011 and algae lot# 2013, respectively.  Many 
procedures used in this work were taken from standard methods, adapted from those reported in 
the literature, or developed as novel methods.  One particular novel method that was developed 
incorporated using thermogravimetric analysis to simultaneously obtain a full proximate analysis 
(moisture, volatile, fixed-carbon, and ash content) of either the algae biomass or HTL solid 
product.  Significant limitations to the standard method of biomass ash determination (ASTM 
E1755) were identified; including being susceptible to inaccuracies during material handling and 
weighing procedures as well as be very time consuming (requiring multiple days).  The 
development of the thermogravimetric method for proximate analysis overcame both of these 
limitations and provided additional characterizations beyond moisture and ash content which add 
valuable information in terms of volatile content and optimum burning temperatures of the 
samples. 
3.1 Algae Cultivation 
 All algae cultivation used in this dissertation was grown and collected at the Lawrence, 
KS Wastewater Treatment Plant, in four 2500 gallon open pond reactors (height, 1.2 m; 
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diameter, 3.17 m).  The open ponds operated continuously as stirred tanks fed by incoming water 
and nutrients supplied by effluent from the secondary clarifier before disinfection.  Each reactor 
was held at a hydraulic residence time (HRT) of 10 days.  Aeration and mixing was provided by 
fine-bubble air stones.  No algae inoculum was used and native algae species were allowed to 
cultivate naturally.  A representative mixed algae culture was identified and is presented in Table 
3.1. 
 
Table 3-1. Identified algae species. 
Species Identified 
Scenedesmus quadricauda Cladophora sp. 
Navicula sp. Golenkinia radiata 
Scenedesmus bijuga Selenastrum sp. 
Oscillatoria sp. Cosmarium sp. 
Micractinium pusillum Pediastrum boryanum 
Merismopedia sp. Microcystis sp. 
Chlorella sp. Oedogonium sp. 
Cryptomonas sp. Cosmarium sp. 
Cyclotella sp. Spirogyra sp. 
 
 
Top-down ecological control was implemented through the addition of Gambusia fish which 
prey on zooplankton such as Daphnia.  Operation of these pond reactors have been previously 
reported by Sturm and Lamer1 and Sturm et al.2  Effluent from the four reactors continuously 
flowed to four separate gravity sedimentation tanks each with a surface area of 1.56 ft2 and an 
operating volume of 42.9 gal.  Each system had an overflow velocity of 6.7 m day-1 at the 
operational flowrate.  The concentrated microalgae samples (1-1.5% solids) were collected from 
the bottom of each sedimentation tank daily and were immediately processed.  Algae harvested 
from the settling tanks were centrifuged at 3220 rcf for 10 minutes.  The pellet was then freeze 
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dried, ground with a conventional coffee grinder, and stored at or below 4°C until processed for 
characterization(s) and HTL.   
 During the collection of algae lot# 2011 each settling tank was mixed together before 
centrifugation.  Macroalgae (Cladophora sp.) grown on the tank walls were also collected and 
processed separately but in the same manner; furthermore identified as macro lot# 2011.  The 
cultivation strategy for algae lot# 2013 deviated slightly from the above mentioned;  each of the 
four reactors were set-up as duplicate sets  of two reactors in series, in which the treatment 
plant’s secondary effluent was sent to the first open pond, whose effluent was sent to a second 
open pond.  Each pond had a hydraulic retention time (HRT) of 10 days resulting in a total of 20 
day HRT for each set in the 2 X 2 system.  Biomass grown in the second pond of one set was 
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Figure 3-1. Algae cultivation schematic at the wastewater treatment plant (WWTP). 
3.2 Algae Characterization 
3.2.1 Proximate Analysis 
 Algae lot# 2011 was analyzed for moisture and ash in accordance with ASTM E1755 
standard method using a Thermolyne 46100 high temperature furnace.3  However, for algae lot# 
2013 a method was developed using thermogravimetric analysis (TGA) on a TA Instruments 
SDT 600 to simultaneously obtain the full proximate analysis, including moisture, volatile, 
fixed-carbon, and ash contents.  A description of the method used is as followed:   
The full TGA proximate analysis uses a two stage thermo-degradation of the sample, including 
pyrolysis in nitrogen environment followed by combustion in air.  The pyrolysis (Py) stage 
determines the moisture and volatile content and the post pyrolysis combustion (PPyC) 
determines the fixed-carbon and ash content of the biomass.  During pyrolysis, the temperature is 
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increased to 90°C where it enters a stepwise function until 110 °C.  During the stepwise function, 
the temperature was either isothermal or increasing at 1 °C min-1 depending upon criteria of the 
derivative weight change, i.e., the sample is isothermal when derivative weight change is >0.01 
wt% min-1 and increasing temperature when the derivative weight change is <0.01 wt% min-1.  
This allows accurate determination of a precise weight loss at a particular temperature.  After the 
first stepwise function the temperature was ramped at a constant rate, 5-10°C min-1 to 800 °C and 
entered another stepwise function until 850 °C.   Moisture and volatile matter was then 
determined at the point where weight changes were essentially zero at ~100 °C and 850 °C, 
respectively.  The sample was then cooled to 120 °C and flow was switched from nitrogen to air 
commencing the PPyC phase for determination of the fixed-carbon and ash content.  Under 
oxygen, the PPyC proceeded to 800 °C and enters another stepwise function to 850 °C.  The 
calculations used for quantifying the proximate analysis are as followed, where %SR refers to 
mass percent of the sample remaining: 
 Moisture: 100% - %SR [after 1st step-wise during Py] 
 Volatile: %SR [after 1st step-wise during Py] – %SR [after 2nd step-wise during Py] 
 Fixed Carbon: %SR [after 2nd step-wise during Py] - %SR [after step-wise during PPyC] 
 Ash:  %SR [after entire program] 
3.2.2 Algae lot# 2013 Ash 
 Ash from algae lot# 2013 was obtained by placing a sample of freeze dried algae, ∼100 
mg, in a homemade quartz tube furnace with a programmable temperature controller.  The 
sample was combusted under a flow of 100 mL min−1 of air during 2 °C min−1 ramp to 600 °C 
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and held for 8 h.  The combustion procedure was performed three times to ensure all organic 
material was removed.  
3.2.3 Ultimate analysis 
 The ultimate analysis or carbon, hydrogen, nitrogen, and oxygen (CHN & O) contents of 
algae lot# 2011 were determined by Micro Analysis Inc. (Wilmington, DE).  Algae lot# 2013 
was determined in house with a Perkin Elmer CHN Analyzer with O content determined by 
difference.  Since algae cultivated for this thesis results in significant ash contents reporting the 
ultimate content on a ash free dry weight percent (afdw%) is important for comparing data 
throughout the literature.  Samples are measured completely dry and therefore measured values 
are normalized to the ash for reporting afdw%.  Typical procedure for measuring CHN contents 
include the following:  after drying biomass samples in an oven overnight at 105 °C they are 
immediately placed in a desiccator.  The analyzer is calibrated by running a series of black and 
k-factors (terminology used by the manufacturer) which include running a blank tin sample cup 
and a known amount of acetanilide (Perkin Elmer standard), respectively.  Once stable readings 
are obtained for both k-factors and blanks, the acetanilide is analyzed as a sample to ensure that 
the proper CHN content is obtained by the instrument.  Once the instrument is properly 
calibrated (performed during each day of analysis) each sample is repeated until at least three 
values within the instrument error (±0.03 wt%) is obtained.  All samples (and k-factors) are 
weighed to the nearest 0.001 mg using a calibrated Perkin Elmer micro analytical balance. 
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3.2.4 Higher Heating Value (HHV) 
 Higher heating value (HHV), of algae lot# 2011, was obtained using a Parr 6200 
calorimeter using decane (Fisher; 99+%) as a combustion agent.  Utilization of a combustion 
agent first requires prior calibration within the instrument which is stored within the internal 
memory of the instrument.  Decane was chosen to ensure reliable combustion and minimal 
evaporation during sample transfer from the balance to the calorimeter.  All samples and 
combustion agents are measured to 0.1 mg using a Metler Toledo NewClassic MF analytical 
balance.  HHV of algae lot# 2013 was not measured, however could be calculated by the 
following equation(s) 
HHV =14441.82(X ) + 7018.311  
Where, X = volatile matter / (volatile matter + fixed carbon + ash) 
Or, 
HHV =343.08C + 424.92H + 261.98N + 27.76O  
Where, CHNO = carbon, hydrogen, nitrogen, and oxygen on a dry-ash-free-basis in kJ/kg.4 
3.2.5 Proton Induced X-ray Emission (PIXE) 
 Inorganic elemental (non-CHNO content) of algae lot# 2011 was analyzed and quantified 
through PIXE performed by Elemental Analysis, Inc. (Lexington, KY). 
3.2.6 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES) 
 ICP-OES (Agilent) was used for analysis during algae lot# 2013.  The elements of: (Al, 
Ba, Ca, Fe, K, Mg, Na, P, S)- group “A”, (B, La, Mn, Ni, Zn) –group “B”, and (As, Co, Cu, Pb, 
Sr) group- “C”, were quantified in samples of the wastewater effluent, growth media in each 
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open ponds in series, the algae biomass, and the resultant HTL solid product.  One standard stock 
solution was created by and purchased from Inorganic Ventures (Christiansburg, VA) with 
concentrations of 1000 ppm, 100 ppm, and 10 ppm, for group A, B, and C, respectively.  
Standard solutions were prepared and used at 5 vol% nitric acid (Fisher; trace metal grade) and 
concentrations of 0.5, 1, 2, 5, and 10 ppm with respect to group A, leaving group(s) B and C at 
their respective concentration magnitudes.  Standard curves were created using the five 
concentrations and a blank with a quality control check at 3 ppm with respect to group A.  When 
performing analysis a new standard curve was created every 10 samples.  Samples were adjusted 
to 5 vol% nitric acid and filtered through a 0.2 µm filter before analysis.  Solid samples (algae 
biomass and HTL solid product) were digested by standard acid microwave digestion. 
3.3 Hydrothermal Liquefaction (HTL) 
3.3.1 Reaction, Product Separation, and Yield Determination 
 All reactions were performed in a 450 mL 4560 series mini bentchtop reactor (Parr; 
Moline, IL) attached to a 4848 model controller (Parr) and used 50 mL of MilliQ water at a 
particular solids concentration.  Once contents were sealed inside the reactor, oxygen was purged 
from the headspace by flowing nitrogen multiple times.  Reactor temperatures were performed at 
350 ± 5 °C with a reaction time of 1 hr and a stir rate of 150 rpm.  Post reaction, the reactor was 
cooled using a water bath to quench the reaction and the contents were allowed to equilibrate 
overnight, upon which product recovery and characterizations were commenced.  At least three 
identical experiments were performed to obtain standard deviations for each algae lot (except for 
macro lot# 2011; only duplicate reactions were performed due to the availability of algae 
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biomass).  Between each experiment the reactor was thoroughly cleaned by hand, solvent 
cleaned with 50 mL of hot acetone (60°C, 600+ rpm, 30 min), and finally reactor walls were 
exposed to subcritical water by conditioning at 350°C for 30 min using 50 mL of water.  
Different methodologies for product handling and characterizations were for used for each lot of 
algae and are described separately as followed; 
 
Algae lot# 2011: 
3 g of ground freeze-dried algae were used at a specific solids concentration of 5.7 wt%.  The 
product recovery follows the flow diagram presented in Figure 3-2.  After overnight 
equilibration, 50 mL of decane (99+%; Fisher) was introduced to the reactor and the temperature 
was increased to 70 °C for 30 min while stirring at 150 rpm to allow for clumps of solid product 
to be loosened, maximizing solvent exposure and biocrude recovery.  The reactor contents were 
collected in pre-weighed centrifuge tubes and were centrifuged at 1730 rcf for several minutes, 
resulting in four layers [from top to bottom: solvent containing biocrude, solid product, aqueous 
co-product (ACP), and solid product] shown in Figure 3-2b.  The top organic layer (solvent 
containing biocrude) was removed by pipet, and the volume was recorded.  A total of 30 mL of 
this fraction was separated and dried under nitrogen gas flow at 30 °C until the mass was 
constant to determine the biocrude concentration and, thus, overall mass of biocrude.  A second 
solvent recovery step was employed to remove any other contents still residing in the reactor, 
mainly biocrude and solid product adhering to the reactor walls.  The second recovery step 
involved adding 50 mL of decane to the reactor and stirring at 600+ rpm with no heat for 30 min.  
The contents were collected, measured, and processed in the same manner as the previous 
recovery step. Significant biocrude and solid product were collected during the second recovery.  
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The reactor was then cleaned with 50 mL of acetone at 200 °C for 30 min, where significant 
biocrude could be collected from fittings of the reactor head, but this mass was not added to the 
overall yield of the process.   
LiquefactionGas












































Solid Product  
Figure 3-2. Product handling and recovery for Algae lot# 2011. (a) Flow diagram of product 
handling, (b) Phase separation of HTL products: 1- solids, 2- ACP, 3- solids, 4- dilute biocrude, 
and (c) pictures of main HTL products.  
After centrifugation the solvent was completely pipetted from the solid pellet and dried in 
the same manner.  Significant biocrude mass was extracted from this solid product fraction and 
added to the overall biocrude yield.  The ACP was filtered through pre-rinsed Whatman GF/F 
glass-fiber filters, and the volume was recorded.  A portion of ACP was diluted with milliQ  
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water [40:1; water: ACP] and analyzed for total organic carbon (TOC) and total nitrogen (TN) 
using a Torch Combustion TOC/TN Analyzer.  All solids were dried under N2 flow at 30 °C, and 
the weights of each were combined for a total solid product mass.  The energy content (HHV) 
and elemental analysis of the solid product and biocrude were determined in the same manner as 
the starting algae.  A photograph of the biocrude (dilute and concentrated) and solid product are 
shown in Figure 3-2c.  A control experiment was performed using the same lot and amount of 
algae and water.  Using the same reactor, the algae/ water suspension was agitated at 150 rpm for 
1 hr at room temperature.  The solvent recovery method described above was employed without 
addition of heat at any point.  Both recovery steps were implemented, and oil mass determination 
methods were consistent for both HTL and control experiments. 
Yields of each product fraction were equated from the following equations: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑦𝐵𝐵𝑦𝐵 =  ∑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑥 100 (3.1) 
𝐴𝐴𝐴 𝑦𝐵𝐵𝑦𝐵 =  [𝑇𝑇𝑇]∗ 𝑚𝐴𝑣𝑜𝑣
𝑚𝑇𝑜𝑣𝑜𝑜𝑎
𝑥 100  (3.2) 
𝑆𝐵𝑦𝐵𝐵𝑆 𝑦𝐵𝐵𝑦𝐵 =  𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚ℎ𝑜𝑣𝑜𝑜𝑎
𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑥 100 (3.3) 
𝐺𝐺𝑆 𝑦𝐵𝐵𝑦𝐵 = 100 − (3.1) − (3.2) − (3.3) (3.4) 
where, ∑mBiocrude is the summation of all calculated masses of biocrude from each fraction, 
mAlgaeorganics is the mass of freeze dried algae * (100 – ash% - moisture%), [TOC] is the 
concentration of measured total organic carbon, Aqvol is the measured filtered ACP volume, 
mCalgae is the mass of carbon (afdw%) in algae, mSolids is the mass of dried solid product, and 
mAshalgae is the mass of ash in starting algae.  Dry weight (dw%) solid product yield was 
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calculated by relating the total dry weight of product to the dry weight of algae used in the 
reaction. 
 
Algae lot# 2013: 
 5.56 g of ground freeze-dried algae were used resulting in 10.0 wt% solids for each 
reaction.  Product recovery and isolation used dichloromethane (DCM) (high performance liquid 

























Figure 3-3. Schematic of product handling and isolation for algae lot# 2013. 
Once the reactor contents had equilibrated, the gasses formed were vented and the contents were 
vacuum filtered separating the aqueous co-product (ACP) and solids/ oil mixture.  The solids/ oil 
mixture was placed back into the reactor vessel with the addition of 50 mL DCM and heated to 
40 °C with stir rate of 600+ rpm for 30 min.  Upon cooling the vessel again in a water bath, the 
contents were gravity filtered and washed with additional DCM via slow pipette until no 
additional oil was extracted from the solids.  The solid product was dried and the oil/ solvent 
mixture was distilled to remove solvent and obtain biocrude product. 
39 
 
 Commencing product analysis directly after separations is critical for obtaining reliable 
yields, particularly for the biocrude fraction.  After the majority of the DCM solvent was distilled 
off, a vacuum was applied to lower solvent content to <10 wt%.  The weight of the biocrude was 
recorded in the tarred flask and immediately placed an ice bath.  Simulated distillation (see 
section 3.4.4) and ultimate analysis (see section 3.4.2) was immediately performed on the 
biocrude using the same TGA instrument and CHN analyzer as used for the proximate and 
ultimate analysis of the algae biomass, respectively.  Yield and ultimate analysis (using known 
molecular weight, carbon, and hydrogen content of DCM) are adjusted by the corresponding 
amount of residual solvent for each experiment individually.  
 The dried solid product was weighed and analyzed for proximate (TGA: see section 
3.4.1) and ultimate (CHN: see section 3.4.2) contents, functional groups (FTIR: see section 
3.4.6), and crystallography (XRD: see section 3.4.5), along with bulk and trace metal 
compositions (ICP-OES: see section 3.2.5).  Yield of the solids was determined on a dry weight 
(dw) and an ash free dry weight (afdw) basis.  Portions (~100 mg) of the solid product were 
calcined in 100 mL min-1 air flow in a homemade quartz tube furnace with a ramp rate of 2 °C 
min-1 to specified temperature (500, 600, 700, 800, 900 °C) for 8 hrs.  Each calcination 
temperature was analyzed for FTIR (see section 3.4.6) and XRD (see section 3.4.5). 
 The aqueous co-product (ACP) underwent analysis of total organic carbon (TOC) and 
total nitrogen (TN).  The TOC and TN were simultaneously measured by Torch TOC/TN 
analyzer.  The measured volume of ACP and corresponding TOC were used for determining the 
afdw% yield.  Any gasses that were formed during HTL were not analyzed and the yield was 
determined by a difference and/or using the ideal gas law assuming all CO2, headspace volume, 
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and recorded post-reaction temperature and pressure, similar to algae lot# 2011.  Post analysis of 
the elemental balance for carbon, hydrogen, nitrogen, and phosphorus for the feedstock and 
products were performed.  The equations used for determining afdw% product yields are as 
followed: 
 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑦𝐵𝐵𝑦𝐵 = 𝑤𝑤𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑎 (1−%𝐷𝑇𝐷)
𝑚𝑚𝑚𝑚𝑚𝑜𝑎𝑏𝑎
∗ 100          (3.5) 
𝑆𝐵𝑦𝐵𝐵𝑆 𝑦𝐵𝐵𝑦𝐵 =  𝑤𝑤𝑜𝑜𝑣𝑜𝑏𝑜(1−%𝑚𝑚ℎ𝑜𝑜𝑣𝑜𝑏𝑜)
𝑚𝑚𝑚𝑚𝑚𝑜𝑎𝑏𝑎
∗ 100       (3.6) 
𝐴𝐴𝐴 𝑦𝐵𝐵𝑦𝐵 =  𝑣𝑚𝑚𝐴𝐴𝐴∗𝑇𝑇𝑇
𝑚𝑚𝑚𝑚𝑚𝑜𝑎𝑏𝑎∗% 𝑚𝑚𝑚𝑐𝑚𝑐𝑜𝑎𝑏𝑎
∗ 100      (3.7) 
𝐺𝐺𝑆 𝑦𝐵𝐵𝑦𝐵 = 100− (3.5)− (3.6)− (3.7)       (3.8) 
 
Where, algaeafdw is the weight of algae used in the reactor minus the amount of moisture and ash 
determined by TGA, wtbiocrude is the measured weight after distillation, %DCM is the fraction of 
solvent remaining found with SimDist, wtsolids is the measured weight of the solids fraction after 
gravity filtration, %ashsolids is the ash content of the solid product measured from TGA, volACP is 
the measured volume of the ACP after vacuum filtration, TOC is the measured concentration of 
organic carbon in the ACP, and % carbonafdw is the amount of carbon in the algae normalized to 
the organic fraction of biomass.   
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3.4 Product Characterizations 
3.4.1 Proximate Analysis 
 The solid product from algae lot# 2011 was not specifically evaluated for proximate 
analysis.  The solids product from algae lot# 2013 was evaluated for proximate analysis in the 
same manner as the algae biomass of the corresponding algae lot# 2013 (see section 3.2.1). 
3.4.2 Ultimate analysis 
 The ultimate analysis for both the biocrude and solid product of each algae lot was 
determined in the same manner as its respective algae biomass (see section 3.2.2).   
3.4.3 Gas Chromatography-Mass Spectroscopy (GC-MS)  
Algae lot# 2011: 
 GC-MS analysis of biocrude produced from algae lot# 2011 was performed using an 
Agilent 6890 Series GC-FID System with 5973 Network Mass Selective Detector equipped with 
a HP-5MS column (5% Phenyl Methyl Siloxane mobile phase; 30.0 m length, 250 µm diameter, 
0.25 µm thickness).  The method used an injection volume of 1.0 µL with a split ratio of 20:1, 
initial temp of 40 °C, ramp of 8 °C min-1 to 250 °C, holding for 5 min followed by a 20 °C min-1 
ramp to 300 °C, holding for 1 min.  Samples were prepared for the GC-MS analysis in two ways: 
1) a derivatized sample of concentrated biocrude and 2) a non-derivatized sample of dilute 
biocrude in the decane solvent.  The derivatized sample was prepared using 10.0 mg of 
concentrated biocrude, weighed in a GC vial, with 100 µL MSTFA (n-Methyl-n-
(trimethylsilyl)trifluoroacetamide; derivatizing agent supplied by Agilent) and 100 µL pyridine 
(HPLC grade 99.5+%, Alfa Aesar) added and diluted with 800 µL n-heptane (99+%, Sigma).  
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Analysis of the biocrude in the concentrated derivatized sample revealed that residual decane 
was present, even though the oil had been dried until a consistent weight was reached.  A 5-point 
(in triplicate) calibration curve was produced using known masses of decane in chloroform 
[high-performance liquid chromatography (HPLC); Fisher] to quantify residual decane in the 
concentrated biocrude and control experiment.  The calibration curve had an R2 value of 0.988.  
Four points of the calibration curve was obtained by creating a stock solution of 3.84 mg (5.0 
µL) of decane diluted to 1 mL in chloroform and performing subsequent serial dilutions.  The 
serial dilutions used 10, 20, 30, and 40 µL of stock solution and diluting to 1 mL again with 
chloroform.  The fifth point used 1.0 µL of decane (0.72 mg) and 99.0 µL of chloroform. 
 
Algae lot# 2013: 
 GC-MS analysis of the biocrude produced from algae lot# 2013 was performed using an 
Agilent 6890 Series GC−FID system with a 5973 network mass selective detector equipped with 
a Varian CP8956 column (5% phenyl methyl siloxane mobile phase; 30.0 m length; 320 μm 
diameter; and 0.50 μm thickness). The method used an injection volume of 1.0 μL with a split 
ratio of 1:1, an initial temperature of 40 °C with a holding time of 15 min, ramp of 10 °C min-1 to 
100 °C, holding for 1 min, followed by a 1 °C min-1 ramp to 200 °C, with 15 min holds at 150 °C 
and 200 °C, followed by a 5 °C min-1 ramp to 270 °C, and final hold for 5 min. Samples were 
prepared for the GC-MS analysis in two ways: 1) 10.0 mg of biocrude in 1.0 mL of DCM and 2) 
10.0 mg of biocrude derivatized with MSTFA (n-methyl-n-(trimethylsilyl)trifluoroacetamide; 
Agilent).  The derivatized sample was prepared using 10.0 mg of biocrude, weighed in a GC vial, 
with 100.0 μL of MSTFA and 100.0 μL of pyridine [high-performance liquid chromatography 
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(HPLC) grade, 99.5+%, Alfa Aesar] added, and diluted with 800.0 μL of n-heptane (99+%, 
Sigma).   
3.4.4 Simulated Distillation (SimDist)  
 SimDist was performed on the biocrude produced from algae lot# 2013 by 
thermogravimetric analysis (TGA) on a TA Instruments SDT 600.  The method used was created 
to obtain accurate values of residual solvent (DCM) content in the biocrude after removal by 
distillation (see section 3.3.1).  The method performed is as followed: Under a 10 mL min-1 flow 
of nitrogen gas a sample of biocrude (5-10 mg) was heated at a rate of 10 °C min-1 until 35 °C, 
where it entered a stepwise function (described in section 3.2.1) until 45 °C, to determine the 
precise amount of DCM in the biocrude same.  The method then reverts back to a 10 °C min-1 
until 800 °C.  Determination of each distillate fraction within the sample followed the following 
equations, where wt%S is the weight percent of the sample. 
 Wt % DCM:   100 – wt%S [at the end of the step-wise] 
 Heavy Naphtha:  wt%S [at the end of the step-wise] – wt%S [at 193 °C] 
 Kerosene:   wt%S [at 193 °C] - wt%S [at 271 °C] 
 Gas Oil:   wt%S [at 271 °C] - wt%S [at 343 °C] 
 Vacuum Gas Oil:  wt%S [at 343 °C] - wt%S [at 538 °C] 
 Vacuum Gas Residual: wt%S [at 538 °C] - wt%S [at 800 °C] 
 Ash:    wt%S remaining after 800 °C 
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3.4.5 X-ray Diffraction (XRD) 
 XRD patterns of the algae lot# 2013 combustion ash (see section 3.2.2), HTL solid 
product from algae lot# 2013, including each of its calcination temperatures (see section 3.3.1) 
were collected using monochromated CuKα radiation (λ= 1.54178 Å) on a Bruker Proteum 
Diffraction System equipped with Helios multilayer optics, an APEX II CCD detector and a 
Bruker MicroStar microfocus rotating anode x-ray source operating at 45 kV and 60 mA. Sample 
preparation included mixing powder with Paratone N oil and placing it in a <0.5 mm nylon loop 
mounted on a goniometer head.  A Bruker Apex2 V2010.3-0 software package was used to 
collect and merge three, 60 sec. 180° φ-scans with the detector at 2θ = 30º,  60º and  90º using a 
sample-to-detector distance of 50.0 mm.  The raw data was processed with Bruker EVA powder 
diffraction software. 
3.4.6 Fourier-Transform Inferred Spectroscopy (FTIR) 
 FTIR spectrums of the algae lot# 2013 combustion ash (see section 3.2.2) and HTL solid 
product from algae lot# 2013, including each of its calcination temperatures (see section 3.3.1), 
were collected on a Varian 600 series FTIR equipped with a GladiATRTM (PIKE Technologies) 
at a constant temperature of 105 °C.  Absorbance spectra were averaged over 254 scans, 
collected from 4000 to 500 cm-1 with resolution and sensitivity of 4 cm-1 and 8 cm-1, respectively.   
3.4.7 Scanning Electron Microscopy -Energy Dispersive X-ray Spectroscopy (SEM-EDS) and 
Transmission Electron Microscopy (TEM) 
 All imaging of algae lot# 2013 solid products were performed by the University of 
Kansas Microscopy and Analytical Imaging (MAI) Laboratory, on a Carl Zeiss Leo 1550 field 
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emission scanning electron microscope (High Vacuum with a Schottky field emitter 
Operating Voltages from 200 V to 30kV) and a FEI Tecnai F20 XT transmission electron 
microscope (200kV electron source- Schottky field emitter, with high tension values of 20, 40, 
80, 120, 160, and 200 kV). 
3.4.8 Cell Culturing and Live/Dead Assay 
 Tissue-culture treated 24-well plates were coated, via aqueous suspension, with HTL 
solid product calcined at 600 °C.  The plates were dried at 42 °C overnight and subsequently 
sterilized with ethylene oxide.  Human umbilical cord Wharton’s jelly cells (hWJCs) were 
trypsinized with 0.05% trypsin and seeded on plates at 6 x104 ± 2 x104 hWJCs per 
well.  hWJCs were cultured with Dulbecco’s Minimal Essential Medium (DMEM) suspensions 
with 10% mesenchymal stem cell qualified fetal bovine serum (FBS) and 1% 
penicillin/streptomycin at 37oC with 5% CO2.  hWJCs were isolated from Wharton's jelly of a 
human umbilical cord (#157) obtained from Lawrence Memorial Hospital (LMH) (LMH IRB 
approval #LMH 08-2). The umbilical cord came from a male born at full term under normal 
conditions.  Growth medium was changed every 2 days.  After 10 days, a viability assay was 
performed using LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular Probes® LIVE/DEAD 
assay; from Invitrogen) and analyzed through fluorescence microscopy (Zeiss AX10).   Images 
were processed using ZEN lite 2012 (blue edition) software. 
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4 Demonstrating Sustainability through Wastewater-Cultivated Algae 
 The purpose of algae lot# 2011 was to demonstrate the feasibility of a sustainable 
cultivation strategy [algae cultivated with effluent from an operating wastewater treatment plant 
(WWTP) as sole provider of both water and nutrients] integrated to an algae-to-biocrude process 
to produce renewable fuels and chemicals.  The work presented in this chapter contains data 
collected from both a mixed-culture microalgae (see Table 3.1), cited in Energy & Fuels (2013) 
and previously presented data (American Institute of Chemical Engineers 2012 Annual Meeting) 
on a species of macroalgae (Cladophora sp.) which were co-harvested from the same growth 
ponds and will be commonly referred to as simply micro- and macro- algae, respectively, 
throughout the entirety of this chapter.  This work (at the time of publication) represents the first 
of its kind to incorporate the hydrothermal liquefaction of algal biomass cultivated at an 
operating wastewater treatment facility.  The biomass was cultivated at the pilot-scale using 
wastewater effluent as the sole provider of both water and nutrients.  In addition, the data also 
represented the first to perform liquefaction on a mixed species algae culture.  The main 
hypothesis was that using the sustainable strategy of wastewater cultivation would still provide 
comparable biocrude yields to those found in the literature (see section 2.2) and be a viable 
option for both advanced wastewater treatment and a renewable source of crude oil production, 
regardless of minimal lipid accumulation within the algae cells. 
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4.1 Algae Growth and Characterization 
The average water quality and nutrient concentrations in the wastewater effluent feed and 
algal ponds can be found in Table 4-1, producing average biomass production rate1 of 12 g m-2 
day-1.  The average TN concentration of the wastewater effluent feed was 29.3 ± 4.8 mg L-1 and 
the average TP concentration was 2.65 ± 0.10 mg L-1.  During operation of the pond reactors in 
the previous year (2010), the average TN of the wastewater effluent was 19.5 ± 4.5 mg L-1 and 
the average TP was 3.21 ± 0.93 mg L-1.1  The measured concentrations over these two periods of 
operation are similar to the textbook TN concentration for wastewater effluent (20 mg L-1), while 
the TP concentrations are slightly lower than the textbook TP concentration (10 mg L-1).2  
Similar to the majority of WWTPs in the United States, the Lawrence WWTP does not perform 
biological nutrient removal (no phosphorus removal or denitrification).  Only 206 of the more 
than 12,000 municipal WWTPs in the country reported use of denitrification or phosphorus 
removal technologies in the EPA 2008 Clean Watersheds Needs Survey.3  Thus, the Lawrence 
WWTP effluent is representative of average municipal wastewater effluent characteristics in the 





Table 4-1. Average water quality of algal growth tanks at Lawrence WWTP. 
Water quality parameter 
Average measured value 





(TN; mg L-1) 29.3 ± 4.8 27.0 ± 4.9 
Standard Method 
4500-N Ca 
Total dissolved nitrogen 




(TP; mg L-1) 2.65 ± 0.10 3.41 ± 0.67 
Standard Method 
4500-P Ea 
Total dissolved phosphorus 
(TDP; mg L-1) 2.52 ± 0.12 2.75 ± 1.1 
Standard Method 
4500-P Ea 
Total suspended solids 
(TSS; mg L-1) 13.3 ± 7.5 85.5 ± 22 
Standard Method 
2540 Da 
pH 6.89 ± 0.31 7.44 ± 0.87 Field meterb 
Temperature  
(°C) 25.7 ± 0.65 28.1 ± 2.2 Field meter
b 
Dissolved oxygen 
(DO; mg L-1) 2.71 ± 2.0 7.45 ± 0.51 Field meter
b 
aStandard methods can be found in Eaton et al.4   
bYSI 556, Yello Springs, OH 
 
The wastewater-cultured algae had high intercellular ash (non-combustible material) 
content of 29.0 dw% and 24.4 dw% for micro- and macro-algae, respectively.  Compared to 
other reports of monoculture microalgae with ash contents as low as 5% and up to 25%.5, 6  The 
majority, ~70%, of this non-combustible material is calcium and silica and calcium for the 
microalgae where potassium and calcium dominate in the macroalgae.  These levels are directly 
related to the municipal wastewater effluent growth media.  The high levels of silica can be 
ascribed to the presence of diatoms as confirmed by the species listed in Table 3-1.  The high 
calcium is attributed to the municipal water source having an average water hardness of 40-120 
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mg L-1 as CaCO3, with calcium concentrations of 24-43 mg L-1.7  High ash content is also 
normally found in marine macroalgae due to high levels of inorganics which incorporate into 
their cell wall.8  Because the algae produced for this study had a high inorganic composition, the 
product yields were subsequently based on an ash free dry weight (afdw%) basis to understand 
the degree of organic conversion.   
The organic and inorganic elemental analysis of the algae can be found in Table 4-2.  The 
measured carbon content of the microalgae was 34.7 dw%, similar to other wastewater-cultivated 
algae (30-37 dw%)9, or 48.9 afdw%, which is lower than 51.3-57.8 afdw% of commercially 
grown microalgae reported in the literature.6  Since significant amount of the HTL studies 
reported in the literature use algae provided by companies, it is difficult to directly compare algal 
growth conditions between studies.  Adding CO2 to the algal tanks may increase the carbon 
content of microalgae, but this was not performed in the wastewater pilot.  Although the algae 
have lower carbon content, it has a high oxygen content of 37.5 afdw%.  This oxygen content is 
5% to 15% higher than what has been reported for microalgae used in previous HTL studies.5, 6, 8, 
10-16  The combination of the low carbon and the high oxygen content directly affects the HHV of 
the algal biomass, which was measured at 15.1 and 14.1 MJ kg-1 for micro- and macro- algae, 
respectively.  Ross et al.5 reported HHV for Spirulina sp. and Chlorella vulgaris to be 21.2 and 
23.2 MJ kg-1, respectively.  However, the carbon content for both species was near 54 afdw%, 
while the oxygen content was closer to 27 afdw%.  These results indicate that microalgae grown 
using municipal wastewater effluent are unique compared to fertilized monoculture algae that are 




Table 4-2. Algae lot #2011 characterization data. 
Algae Characteristics  Inorganic Composition* 
 Micro Macro   Micro Macro 
C 48.9 45.5  Si 35.6 8.3 
H 7.1 6.8  Ca 34.0 32.0 
N 8.4 5.9  P 16.4 8.7 
O 37.5 41.8  S 5.0 9.2 
Lipid 14.0 13.0  K 2.7 28.0 
HHV (MJ kg-1) 15.1 14.1  Mg 1.7 1.6 
Ash  (wt%) 29.0 24.4  Fe 1.7 0.4 
Moisture (wt%) 4.7 4.8  Al 0.8 - 
    Na 0.7 1.2 
    Cl 0.7 9.8 
    others 0.7 0.8 
*Normalized to ash content 
 
4.2 Algae lot# 2011 HTL Product Yields 
Results comparing the initial lipid content, control, and biocrude produced through HTL of 
the microalgae are found in Table 4-3.  Good agreement was found between the Bligh-Dyer 
method and the solvent extraction/oil recovery method used for the control experiment for the 
microalgae at 14.0 afdw% and 13.95 afdw%, respectively.  Therefore, it is assumed the 
macroalgae would perform in the same manner, and no control for macroalgae was performed in 
order to complete duplicate HTL experiments, due to limited amount of biomass collected.  HTL 
of cultivated microalgae yielded 45 afdw% biocrude, 31% more than the initial lipid content.  
This biocrude yield is on the high end compared to HTL studies on fertilized monoculture algae, 
typically reported from 19% to 46.5%, corresponding to yields 6% - 30% above the initial lipid 
content.5, 6, 8, 10-12, 14-18   
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Table 4-3. Oil Yields from microalgae. 
Oil Yields (afdw%) 
Lipid Contenta Control Biocrude  
14.0 13.95 45 
aMeasured by Bligh-Dyer method19   
 
The product yields from HTL of both micro- and macro-algae are shown in Figure 4-1 on an 
afdw% basis.  The main product was the biocrude at 45 ± 5%, followed by 21 ± 9% solid 
product, 18 ± 5% aqueous product, and 16 ± 8% gas.  The gas is reported by difference; 
however, it was also verified using an ideal gal law calculation, assuming all the gas is CO2 with 
equilibrated temperature (18 °C), pressure (4 psig), and a reactor head space volume of 400 mL.  
The macroalgae yielded similar afdw% results with the average of two experiments resulting in 
43%, 22%, 15%, and 20% for biocrude, solids, aqueous, and gas, respectively.  The two 
experiments performing HTL on the macroalgae had similar spread as the microalgae and is 
believed would have obtained very similar standard deviations had there been enough biomass to 





Figure 4-1. HTL yields from algae lot# 2011; reported on an afdw%.  Error bars indicate 
standard deviations, which could not be calculated for macroalgae due to limited available 
biomass and restricting HTL experiments to two.  
4.3 Algae lot# 2011 Biocrude Molecular Profile 
Detailed chromatogram(s) of the biocrude obtained from the microalgae are shown in Figure 
4-2.   Peaks identified with the NIST library at a 90% confidence level and above are labeled and 
reported.  A complete list of identified peaks, retention times, and structures are shown in Table 
4-4.  Many of these compounds are consistent with previous studies reporting the components of 
biocrude from HTL on monoculture algae.5, 12   Two different sample preparations were 
employed for GC-MS analysis to allow for more complete compound identification.  The first 
sample preparation was a derivatized sample of concentrated biocrude providing better 
separation and identification of functional groups; Figure 4-2a.  Derivatizing with MSTFA alters 
compounds containing -OH, -NH, -SH by replacing the hydrogen atoms with Si(CH3) to give -X-
Si(CH3), where X is either the oxygen, nitrogen, or sulfur atom.  The second sample preparation, 
dilute biocrude in decane, was used to determine if any compounds were being lost during 
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drying/concentration; Figure 4-2b.  Certain molecules were identified in the derivatized sample 
including hydrogen sulfide, methyl amine, phenols, and free fatty acids; overall the biocrude 
consisted of  aliphatics, phenols, fatty acids, ketones, and indoles, including the presence of 
pyrrole, pyridine and phthalate.  Both sample preparations indicate the presence of a phthalate, 
which is a common plasticizer, and was suspected to have been contamination from various 
centrifuge tubes and/or pipette tips.  However, GC-MS analysis of the solvent, in this case 











Figure 4-2. GC-MS chromatograms for biocrude produced from microalgae from samples (a) 




Table 4-4. Identified compounds using GC-MS of (a) concentrated derivatized biocrude and (b) 










A 6.77 Methyl amine H3C
NH2
 





C 12.34 Methyl phenol 
OH
 
D 13.72 2,6-Dimethyl phenol 
OH
 
E 13.95 3,5-Dimethyl phenol 
OH
 









dimethyl- NH  
I 18.72 1H-Indole, 3-methyl- 
N
H  
J 19.66 Hexadecane  









M 20.97 1-Heptadecene  
N 21.07 Heptadecane  
O1 22.26 
2-Phytene Isomer  O2 22.85 
O3 23.01 
P 24.44 Hexadecanol OH 
Q 24.87 Eicosane  
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R 25.46 Palmitic acid OH
O
 































1 4.32 Toluene 
 
2 5.28 1-Ethyl-1H-Pyrrole N
 
3 5.41 2-Methyl pyridine 
N  
4 5.83 2-Methyl cyclopentanone 
O
 
5 7.29 2-Methyl-2-cyclopenten-1-one 
O
 
6 13.13 2-Decanone O  
7 14.84 1-Tridecene  




9 16.50 5-Methyl-1H-Indole 
N  
10 18.07 1-Pentadecene  
11 18.18 Pentadecane  
12 19.02 Cyclododecane 
 
13 19.66 Hexadecane  
14 20.97 1-Heptadecene  
15 21.07 Heptadecane  
16 21.49 1-Nonadecene  
17 22.46 4-Methyl-dodec-3-en-1-ol 
OH
 
18 23.00 2-Phytene Isomer  
19 24.88 Eicosane  









Comparison of the chromatograms indicates that compounds evaporated with the decane 
solvent.  There are fewer peaks eluting under 15 minutes in the concentrated than the dilute 
biocrude.  Specifically, 2-Methyl-2-cyclopenten-1-one (7.29 min), 2-Decanone (13.13 min), 1-
Tridecene (14.84 min), and 5H-1-pyridine (14.96 min) are absent in Figure 4-2a.  These 
compounds would not be altered from derivatization, and if present, would elute at the same time 
in Figure 4-2a.  Other compounds were identified in the dilute biocrude but not the concentrated 
biocrude.  These are listed as followed with their corresponding identification confidence level: 
cyclopentanone (65%), ethylbenzene (87%), p-xylene (76%), styrene (64%), dimethyl pyrazine 
(86%), dimethyl pyridine (68%), and dodecane (86%).  It is likely that these compounds have 
been lost during solvent evaporation as has been previously suggested by Brown et al.11  The 
macroalgae was analyzed using similar sample preparations.  The chromatogram from the dilute 
(in decane) non-derivatized biocrude produced from macroalgae is shown in Figure 4-3, with 
corresponding identification of compounds in Table 4-5.  Significant differences between the 
biocrude from the micro- and macro-algae are the abundances of lighter compounds present in 
the macro- biocrude produced, including derivatives of propane, butane, and pentanes.  The 
macro- biocrude also lacks heavier compounds found within the micro- biocrude including 
variances among the fatty acid content.  Comparison of the concentrated derivatized biocrude 
from each respective algae biomass is shown in Figure 4-4.  Biocrude from the micro- algae 








Figure 4-3. GC-MS chromatogram of dilute (in decane) biocrude from macro lot# 2011. 
 
 
Table 4-5. Compound identification of biocrude from macro lot# 2011. 
Compound Identification from Figure 4-3 
A Propanal, 2-methyl- P Cyclopentanone, 2-methyl- 
B Pentane, 3-methyl- Q 2-Cyclopenten-1-one, 2-methyl- 
C Hexane R Pyridine, 2-ethyl-5-methyl- 
D Furan, 2-methyl- S Cyclopentane, pentyl- 
E Butanal, 3-methyl- T Phenol, 3-methyl- 
F 2-methyl butanal U Phenol, 4-methyl- 
G 2-Pentanone V 1H-Pyrrole, 2-ethyl-3,4,5-trimethyl- 
H 1H-Pyrrole, 1-methyl- W Dodecane 
I Toluene  X Tridecane 
J Cyclopentanone Y 1H-Indole, 4-methyl- 
K 1H-Pyrrole, 2-ethyl- Z 1-Pentadecene 
L Pyridine, 2-methyl- AA Hexadecane 
M Pyrazine, methyl- BB 2-Hexadecene, tetramethyl- 
N Cyclopentanone, 2-methyl- CC Eicosane 








































































These combined differences of molecular profiles provided varying viscosities, which were not 
directly measured, but are demonstrated in a simple pictograph of droplets of each biocrude 
placed on an elevated weigh tray, shown in Figure 4-5. 
 
 
Figure 4-5. Effect of gravity and surface tension, demonstrating relative viscosity, on droplets of 
each biocrude produced. 
 
4.4 Biocrude Energy and Heteroatom Content 
 Using the wastewater cultivation strategy and HTL conversion, a biocrude was obtained 
with similar properties to petroleum crude and significant benefits over biocrude produced from 
fertilized, monoculture microalgae.  The elemental analysis of the biocrude is shown in Table 
4-6.  The carbon content of the micro- biocrude was 78.7 wt% compared to others reported in the 
literature ranging from 68-76 wt% carbon.5, 6, 11, 12, 17, 18  The high carbon content is especially 
significant given the relatively low carbon content of the feedstock algae.  The hydrogen content 
of biocrude was measured at 10.1 wt%, which is comparable to previous studies.17  The 
heteroatom (N & O) content of biocrude is the major difference compared to petroleum crude 
(typically 0.1-2.0 wt% N and 0.1-1.5 wt% O)10, 11, 20, and is important to analyze for upgrading 
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purposes.  The micro- biocrude produced had a nitrogen content of 4.4 wt% and an oxygen 
content of 5.5 wt%.  In contrast, the oxygen content is typically 10-30 wt%21, 22 and 10-20 
wt%10,6 for pyrolysis-produced algal oils and HTL biocrude from  fertilized-monoculture 
microalgae, respectively.   
 
Table 4-6. Ultimate analysis and HHV of micro- and macro- biocrude and micro- solid product. 
 Elemental Composition  















76.9 9.6 4.8 7.4 42 
 
 
When comparing the heteroatom content of biocrude produced in this study to most HTL 
studies (see Table 2-3), nitrogen is comparable while oxygen is lower, better resembling heavy 
petroleum crude.17   One study has reported an oxygen content of HTL-produced biocrude near 5 
wt%17 for Nannochloropsis sp., but a reaction temperature of 500 °C was used.  This increase in 
temperature decreased oxygen but sacrificed hydrogen (7.1 wt%) and the overall biocrude yield 
(16 wt%).  The micro- biocrude produced here had low oxygen content, did not sacrifice 
hydrogen, and maintained high organic conversion to biocrude.  One other study which showed a 
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high carbon, low oxygen, and high hydrogen biocrude; Sapphire Energy reported HTL-produced 
biocrude (reaction temperature of 260 °C)  from Nannochloropsis sp. with 77.7 wt%, 11.7 wt%, 
and 5.7 wt% for carbon, hydrogen, and oxygen, respectively.23  However, a very different 
procedure was used for oil recovery (variable heating after reducing pH with H3PO4), and no 
information was provided on algal growth conditions or the elemental analysis of the feedstock 
algae, so a direct comparison is not possible.  The macro- biocrude had slightly different 
heteroatom content compared to the micro- biocrude, even though they had been harvested from 
the same growth ponds.  The macro- biocrude had slightly lower carbon and hydrogen, 76.9% 
and 9.6%, respectively, with higher nitrogen and oxygen, 4.8% and 7.4%, respectively.   
As discussed in Chapter 2, the relationship between the H/C ratio and the O/C ratio, and 
the trade-off between maximizing H/C while minimizing O/C, can be seen in a van Krevelen 
diagram.  Higher H/C atomic ratios and lower O/C atomic ratios indicate that the energy content 
of the substance (feedstock, crude, or fuel) is high with less need for extensive upgrading.  The 
data collected with algae lot# 2011 has been applied to the van Krevelen diagram in Chapter 2 
(Figure 2-2) and is shown in Figure 4-6.  Both the micro- and macro- biocrude produced are both 
favorable (closest to petroleum crude) compared the majority of the literature values, and the 
O/C ratio for the micro- biocrude is the lowest (farthest left on the x-axis) while still maintaining 
a high H/C ratio, which suggests that the least amount of heteroatom upgrading would be needed 





Figure 4-6. Van Krevelen diagram from Figure 2-2 including data from algae lot# 2011. 
 
The measured HHV of the micro- and macro- biocrude was 39 and 42 MJ kg-1, respectively, 
compared to the petroleum crude HHV of 41-43 MJ kg-1.  The large HHV of the micro- biocrude 
is attributed to the high C and H and low O contents of the biocrude.  Interestingly, the even 
higher measured HHV of the macro- biocrude, with lower C & H and higher N & O content 
compared to the micro-, can be explained when re-evaluating the molecular profile described in 




















O/C Atomic Ratio 
Micro Macro Light Petroleum
Heavy Petroleum 1 Spirulina platensis 2 Nannochloropsis Occulata
3 Porphyridium cruentum 4 Scenedesmus sp. 5 Spirulina sp
6 Nannochloropsis sp. 7 Chlorella sp. 8 Nannochloropsis sp.
9 Porphyridium sp. 10 Spirulina sp. 11 Tetraselmis sp.
12 Phaeodactylum tricornutum 13 Scenedesmus obliquus 14 Phaeodactylum tricornutum
15 Nannocholoropsis gaditana 16 Scenedesmus almeriensis 17 Tetraselmis suecica
18 Chlorella vulgaris 19 Porphyridium purpureum 20 Dunaliella tertiolecta





number based off the degree of branching associated with identified compounds within the as 
well as the increased number of lower boiling point molecules.  This concludes that the macro-
algae produced a biocrude containing a higher fraction of direct fuels but with higher heteroatom 
content, which would need to be removed, compared to biocrude produced from the micro-algae. 
Both the micro- and macro- algae have favorable energy densities and heteroatom 
content, clearly depicted by the van Krevelen diagram in Figure 4-6.  Previous studies on 
Spirulina sp. and Chorella vulgaris have shown that adding alkali catalysts to HTL reactors 
results in lower oxygen and larger HHV when compared to adding organic acids.5  Furthermore, 
studies have shown that alkali catalysts are detrimental to oil formation when algae has a high 
starting initial lipid content, but are advantageous when algae is high in carbohydrates.6  Based 
on the elemental distribution of the inorganic composition of the cultivated algae, alkali species 
are present during the HTL reaction.  At the time of data collection for this demonstration study, 
it was unclear of the exact role of these alkali species; however the hypothesis was that catalyzed 
reactions were proceeding to reduce the overall oxygen content of the biocrude within the HTL 
reactor.  Further findings (see Chapter 5 & 6) will indicate this hypothesis to be true and is 
discussed in detail within subsequent chapters.  Thus, the higher inorganic fraction of 
wastewater-fed algae has found to be advantageous for producing a biocrude with lower oxygen 
and larger HHV.   
4.5  HTL Co-Products 
The HTL conversion of the cultivated microalgae resulted in an aqueous co-product 
(ACP) containing ~50% of the algae’s cellular nitrogen with a fraction of the cellular 
69 
 
phosphorus.  The concentrations of carbon (TOC), nitrogen (TN), and phosphorus (TP) in the 
ACP derived from the microalgae were measured at 4550 ± 460 mg L-1, 1640 ± 250 mg L-1, and 
3.5 mg L-1, respectively; the macroalgae derived ACP resulted in slightly lower compared to the 
micro- derived ACP with TOC and TN at 3130 and 1250 mg L-1, respectively.  It is speculated 
that the bulk of the algal phosphorus resides in the solid product.  The macronutrient 
concentrations in the ACP compared to the wastewater effluent feed was 56:1 for TN and 1:1 for 
TP.  The NRC report24 has specifically listed the availability of N & P as a “high importance” 
concern for algal biofuel sustainability.  Fortier and Sturm25 have shown that wastewater 
treatment facilities alone would not supply adequate levels of nutrients to meet high demands of 
fuel consumption.  The ability to capture N and P from HTL co-products and recycle them for 
algal cultivation would increase the potential of algal fuel production.  Few studies to date have 
supplemented algal culture media with ACP from HTL processing.  Jena et al.26 reported an 
optimal recycle fraction of 0.2 vol% ACP diluted with deionized water achieving an algal growth 
rate of  0.035 g L-1 day-1 compared to a rate of 0.07 g L-1 day-1 for algae cultivated in BG 11 
growth media.  Zhou et al.27 showed that recycling higher amounts of ACP from two HTL 
feedstocks (swine manure and Spirulina sp.) had inhibitory effects on algal growth.  When 
diluting the ACP with F/2 medium, they determined that algal growth was inhibited when 
supplemented with greater than 5 vol% swine manure ACP and 1 vol% Spirulina sp. ACP.   
Previous studies on Spirulina sp. and Chorella vulgaris used TOC analysis to show that a 
significant amount of the organic products are water soluble.5  Acetic acid, glycerol, and 3-
pyridinol have been identified as the primary water soluble organics in the ACP produced during 
HTL of Enteromorpha prolifera macroalgae.8  Depending on the organics identified, it may be 
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possible through separation to produce value-added organics and allow higher levels of the ACP 
to be recycled for algae growth.  Overall, further research is necessary to determine the recycle 
potential and value of the ACP produced from HTL. 
Another major co-product of HTL conversion is solid product.  On a dry weight basis, 
45.0 ± 5.9 dw% of biomass is retained in the form of solid product (from microalgae) due to high 
amounts of non-combustible intercellular material.  Most of the solid product is comprised of the 
inorganic content of the algae shown in Table 4-2.  The solid product was found to contain 35 
wt% organic material, containing 20.4 dw% carbon.  This is reported as a weighted average of 
the two fractions of solid product produced, shown in Figure 3-2, where the ultimate analysis 
differed by <2 wt% between fractions.  The measured HHV of the solid product was 8-10 MJ kg-
1, depending on which fraction of solids were evaluated.  Beyond burning the solid product for 
energy recovery, it could be used for soil amendments28, absorbents29, and catalysts.30  Further 
research into the solid product produced from wastewater-cultivated algae has revealed exciting 
and encouraging results for applications into value-added products and is the main area of 
discussion of Chapter 5: Increasing Value-Added Product Streams and Chapter 6: 
Hydroxyapatite Synergies and its Potential Applications. 
4.6  Conclusions 
The described algal cultivation strategy (open pond, wastewater-fed, naturally inoculated 
mixed culture) and hydrothermal liquefaction conversion (whole, wet biomass to produce a drop-
in crude replacement and co-products) were successfully demonstrated.  Micro- and macro- 
algae cultivated in same growth ponds yields comparable results for individual product yields; 
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obtaining 45 and 43 afdw% biocrude yield for micro- and macro- algae, respectively.  Significant 
differences were found within the biocrude properties in terms of heteroatom content, energy 
density, and molecular profile.  Microalgae resulted in a biocrude with low oxygen content, 5.5 
wt%, high amounts of straight chain aliphatics >C16, and an energy density of 39 MJ kg-1.  
Macroalgae derived biocrude had 7.4 wt% oxygen, large number of low boiling point 
compounds including branched aliphatics which resulted in a low visual viscosity and high 
energy density, 42 MJ kg-1.  Overall macro- derived biocrude potentially creates a higher fraction 
of direct fuel distillates but may require more heteroatom removal then compared to micro- 
derived biocrude. 
The main hypothesis of the study was confirmed to be true; algae cultivated using treated 
wastewater (prior to discharge) would yield significant biocrude yields once exposed to 
subcritical water reaction media, resulting in 31% organic conversion above the solvent 
extractible lipid fraction.  However, unexpected results showed a superior quality biocrude was 
produced with very large production of solid product compared to fertilized monoculture algae 
typically studied in the literature.  This developed new hypotheses which speculated the 
formation of the solid product, particularly the inorganic content established from wastewater-
cultivated algae, was contributing to the desirable properties biocrude and potentially leading to 
catalytic effects.  These hypotheses drove further investigations into understanding both the 
composition of the solid product and what role it may be playing in reducing the oxygen content 
of the biocrude.  The remainder of this dissertation describes the composition of the solid 
product, the effects of the solid product formation on the biocrude in-situ, and its applications as 
a value-added product within the scope of algal biofuels.  
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5 Increasing Value-Added Product Streams 
The data presented in this chapter was obtained entirely from algae lot# 2013.  The main 
goals of the studies performed for algae lot# 2013 were to answer hypotheses formulated when 
evaluating the results from algae lot# 2011 described in Chapter 4.  The main hypotheses, post 
evaluation of algae lot# 2011, was that the majority of the phosphorus resided in the solid 
product and that the inorganics were paying significant (catalytic) role in producing higher 
quality biocrude, particularly reducing the oxygen content.  Therefore, it was imperative to 
understand and determine the composition of the solid product.  In order to do so, it was 
hypothesized that thorough understanding of the nutrient uptake by the algal biomass from 
wastewater effluent and the fate of those nutrients post liquefaction would provide the basic 
fundamentals of which elements are retained in the solid product.  Once the elemental 
composition of the solid product was known, exploratory characterization could then be guided 
to determine both the structure of the solid product and functionality within the HTL reactor.  
This chapter is subcategorized into three main bodies; 1) the characterization of algae lot# 2013 
and the bulk HTL yields, 2) nutrient mining effects of wastewater-cultivated algae and HTL 
process, and 3) the novel discovery of higher-value products co-produced during the HTL of 
wastewater-cultivated algae.  The majority of the work presented in this chapter is published in 
Green Chemistry (2015), 17, 2560.         
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5.1 Algae lot# 2013 Characterization and HTL Bulk Yields 
 The algae biomass cultivated and collected obtained similar characteristics to that of 
algae lot# 2011 with slight decrease in ash, hydrogen, and oxygen content(s) and an increase in 
carbon and nitrogen.  The novel method developed, described in section 3.2.1, for obtaining a 
full proximate analysis was used in evaluating algae lot# 2013 and its finding are shown in 
Figure 5-1 alongside the ultimate analysis of the biomass.  Undergoing the TGA method for 
proximate analysis we clearly see three distinct temperatures for pyrolysis (Py) decomposition of 
the algal biomass around 310, 375, and 450 °C, presumed to be the decomposition of 
macromolecular components such as carbohydrates, proteins, and lipids.1  During the post 
pyrolysis combustion (PPyC) stage the majority of the fixed carbon decomposes at 400 °C with 










Moisture 4.4 Carbon 55.6 
Volatiles 61.6 Hydrogen 6.2 
Combustibles 9.9 Nitrogen 7.6 
Ash 24.1 Oxygen* 30.6 
*oxygen calculated by difference after normalized to the ash: 
O (afdw%) = C - H - N [afdw%]. 
 
Figure 5-1. Proximate (TGA) and ultimate (CHN Analyzer) analysis of algae lot# 2013.  TGA 
plot indicates pyrolysis weight change (blue) and post pyrolysis combustion (green) and 
corresponding derivative weight change, (purple) and (red), respectively.  Ultimate analysis is 
provided on a ash free dry weight percent (afdw%).  
 
 Similarly to the algae lot# 2011, the main product yields from algae lot# 2013 were the 
solid product and biocrude fractions.  Again, the ash free dry weight yields represent a 
significant difference in compared to the dry weight yields, due to the relatively high ash content 
of both the starting biomass and the solid product fraction.  Figure 5-2 details the bulk product 
yields and organic elemental composition.  The partitioning of carbon and nitrogen was 



























nitrogen, respectively, where the ACP contained 13% and 44% of the algal carbon and nitrogen, 
respectively.  Half of the carbon is recovered into the desired product fraction where 20% is lost 
as gas, presumably as CO2.2  The carbon recovery is similar to another reported low-lipid algae3 
and much lower compared to biocrude produced with extremely fast reaction times which result 
in substantially higher heteroatom content.4  Therefore, biocrude carbon recovery has been 
linked to reaction times and process temperature, typically acquiring heteroatom removal at the 
expense of carbon efficiency.  Close to 75% of the nitrogen is accounted for in the three main 
product fractions, majorly in the aqueous phase, comparable to other reports.2  The significant 
nitrogen in the aqueous product could potentially be available to future nutrient use for 





Figure 5-2. Product Yields, and respective organic elemental content, from the HTL of algae 
lot#2013.  The organic recovery represents the fate of algal carbon and nitrogen toward each 
perspective product fraction.  *oxygen calculated by difference; O = 100- C- H- N- ash [wt%] 
 
5.2 Wastewater Nutrient Removal 
The cultivation strategy used for algae lot# 2013 provided interesting evaluation of the 
effectiveness of wastewater algal polishing.  Using the algal growth ponds in series (as seen in 
Figure 3-1) it was possible to evaluate nutrients and minerals from the wastewater effluent (ww-
effluent), each algal cultivation pond, resultant algal biomass, and HTL solid product.  This 
evaluation determines which components are mined by the algae and ultimately stay within the 




Yield 27.3 29.5 
C 76.9 ± 1.6 24.2 ± 1.6 
H 10.1 ± 0.4 2.6 ± 0.05 
N 4.7 ± 0.2 1.1 ± 0.04 
O* 6.7 ± 2.0 - 
Ash 1.6  67.6 
 
Aqueous Co-Product 
(g L-1)  





solid product, post HTL.  Table 5-1 shows the ICP-OES data collected from each stage 
throughout the process.  The production of each element represents a theoretical maximum and 
was calculated using the data collected and following assumtions: all of the wastewater was 
processed through algae cultivation and all the phosphorus was used to form algae.  The 
following formula was used;  
 
Production day-1 = (ww-effluent flow)* (X-concentration of ww-effluent)* (measured %-
X of algae)* (% HTL solid yield)* (measured %-X solid product) 
 
Where, X represents a specific element of interest and daily production represents total 
theoretical mass incorporated into a solid product removed from the ww-effluent.  
 
Table 5-1. Bio-mining effects from algae cultivation and hydrothermal liquefaction. 
 
Ca P Mg S Fe K Al Na Ba Sr Mn Zn 
WW-Effluent (ppm) 82.8 5.1 10.2 24.3 0.05 17.2 0.07 19.8 0.05 0.3 0.02 0.08 
Pond 1 (ppm) 85.7 5.1 10.8 24.9 0.03 17.0 0.02 20.3 0.02 0.3 0.002 0.03 
Pond 2 (ppm) 78.5 3.1 12.8 29.2 0.01 16.2 - 23.2 0.01 0.3 - 0.02 
Algae (wt%) 5.7 2.3 0.4 0.8 0.1 0.4 0.06 0.06 0.01 0.02 0.01 0.02 
Solid Product (wt%) 17.1 7.4 1.4 0.5 0.4 0.3 0.16 0.09 0.07 0.06 0.05 0.03 
Recovery in  
Solid Product (%) 89 95 100 19 84 24 79 44 (206) 89 (147) 59 





Most of the elements show a progressive decrease from the ww-effluent to each cultivation pond 
with that element accumulating in the algae biomass, which would be expected.  However, some 
elements indicate increases through the progression which is not necessarily unexpected and can 
be explained by one of two mechanisms.  First, the extremely dynamic nature of wastewater 
creates constant fluxes within a short time frame and the algal growth ponds (running at an HRT 
of 10 days each) may not have responded to a particular flux within that time frame of sample 
collection.  Second, biomass die-off could cause a slight increase in a particular element; 
continuous cultivation with dynamic inputs could cause algae to enter into various sinusoidal 
stages of their growth cycle, i.e., lag phase, exponential growth phase, stationary phase, and 
death phase.  The elements of Ba and Mn were found to be much higher concentrations in the 
solid product then were even present in the starting biomass (indicated in parenthesis).  
Potentially, this could be attributed to analysis interference with some of the larger amounts of 
calcium and magnesium, which have been reported.7  The main findings of the data indicate that 
significant mining of minerals and phosphorus within a solid product can occur during algae 
cultivation and hydrothermal liquefaction.  In addition, certain elements which accumulate into 
algal cells are recovered or retained with higher affinity to the solid HTL product.  Element such 
as Ca, P, Mg, Fe, Al, and Sr all prefer to retain within the HTL solid product where most others 
such as, S, K, and Na do not.   
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5.3  In-situ Crystallization of Substituted Hydroxyapatite during HTL of Municipal 
Wastewater-Cultivated Algae 
 Hydroxyapatite (HA) preparation typically proceeds through a well-controlled synthesis 
combining reagents from individual phosphorus and calcium sources.  Synthesis procedures 
follow co-precipitation, hydrothermal, or various wet and dry methods resulting in a variety of 
morphologies and ionic substitutions.8-11  Certain marine algae (Corallina officinalis and 
Amphiroa ephedrathe) have be used as a calcium source for HA crystallization, but only after 
prior removal of organics and using an external phosphorus source.12, 13  This section will detail 
the crystallization of HA in-situ, using algae lot# 2013 as both the calcium and phosphorus 
source without pre-treatment.   
 Calcium hydroxide, or lime, is added by the wastewater treatment facility in significant 
quantities daily (2000 lbs day-1) as a buffering agent to raise alkalinity and pH as activated 
sludge, or bacteria, performs nitrification in the water column.  The effects of this addition are 
shown both in Table 5-1 and the elemental characterization of algae lot# 2011 discussed in 
previous chapter.   
 In the growth ponds, calcium, phosphorous, magnesium, sulfur, potassium, and sodium 
had the highest observable concentrations; silicon, although not measured by ICP due to 
analytical limitations, is expected from the presence of diatoms in the mixed algal cultures (as 
seen by algae lot#2011 inorganic composition).  The retention of certain elements (Ca, P, Mg, 
Fe, and Al) within HTL solid product is significantly interesting since literature suggests algae 
that have higher sodium and potassium and lower calcium concentrations produce less solids 
during HTL and retain more inorganics in the aqueous product.14-16 
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 The general HA structure, Ca10(PO4)6(OH)2, allows both cationic and anionic 
substitutions, including magnesium, silicon, and carbonate substitutions, which have been shown 
to improve HA performance as biomaterials.17-20  Analysis of the HTL solids from algae lot# 
2013 with XRD determines the crystallographic structure is monophasic HA, according to 
JCPDS# 73-0293, and is confirmed by FTIR.  Additional information from the FTIR spectrum 
indicates residual organics remain from HTL processing, B-type (PO4) carbonate substitutions 
occur, and significant hydroxyl deficiencies and phosphorus bound hydroxyls are present.  To 
confirm that the HA was not formed via precipitation during the cultivation process, but rather 
from the HTL reaction, comparison of the XRD and FTIR patterns from the solid product and 
the combustion ash produced from algae lot# 2013 were performed.  The ash was solely 
tricalcium phosphate (TCP) and calcium oxide.  A previous study21 demonstrated combustion of 
calcium and phosphorus sources results in an amorphous material which, upon calcination at 600 
°C, crystallizes to form TCP.  However, the combustion process at 600 °C is not sufficient for 
significant transformation of HA to TCP.22, 23  Thus, significant HA formation does not occur 
during algae cultivation and is formed during the HTL of wastewater-cultivated algae.  Figure 









Figure 5-3. (a) Integration of powder XRD of HTL solid product and combustion-produced algal 
ash at a 2θ range of 20° to 70°; peaks for HA (green square), calcium oxide (red triangle) and 
TCP (blue circle), JCPDS# 70-2005, are identified.  (b) FTIR spectrum of HTL solid product and 




Peak identification for the FTIR spectrums present in Figure 5-3b are as followed: 
The solid HTL product exhibit distinct absorption bands for HA; including PO43- vibrations, v1 
(964 cm-1), v3 (1087 and 1017 cm-1), v4 (603 and 561 cm-1), hydroxide stretching (3564 cm-1 and 
3677 cm-1; lattice -OH and P-OH, respectively), CO32- (1417 and 1452 cm-1; carbonate B-Type 
substitution), and either HPO42- or CO32- (871 cm-1).  Residual organics from HTL processing 
show bands for C-O (1563 cm-1) and C-H (2852 and 2922 cm-1) groups.  Algae lot# 2013 ash 
exhibit FTIR vibration bands for PO43- (947 and 983 cm-1; as TCP), P2O74- (1218 cm-1) and 
surface hydroxyl (3639 cm-1; from calcium oxide).   
 Commercial production of HA gives significant effort to generating calcium 
orthophosphates with both controlled nanoparticle rod and hierarchical morphologies.11  
Previous studies have demonstrated that HA nanorods can aggregate into bundles and, through 
Oswald ripening, form sheets and hierarchical flower structures.24, 25  To facilitate nanoparticle 
rod and hierarchical morphologies, surfactants have been incorporated during commercial HA 
crystallization, including an array of molecules such as fatty acids26, amino acids27, 28, and a 
variety of organic polymers.11, 25  The hydrothermal synthesis of HA has also been demonstrated 
utilizing a biogenic phosphate source (adenosine 5’-triphosphate or ATP) as both morphological 
control and a phosphorus source using an external calcium source.29  Algae contain phosphorus 
in many biomolecules within the cell, including DNA, RNA, ATP, and phospholipids.  Since the 
wastewater-cultivated algae also contains significant calcium (Table 5-1), there are biomolecules 
present that can contribute to hierarchical structures without the addition of an external calcium 
sources.     
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 Morphology and hierarchical structures are shown through transmission electron (TEM) 
and scanning electron micrographs (SEM) of the HA product directly after HTL formation 
presented in Figure 5-4.  Hexagonal nanocrystals (Figure 5-4a,b) are present up to 1 micron in 
length along the c-axis and 15 nm about the a and b-axis; these crystals then form into bundles 
along the c-axis, Figure 5-4b.  Each bundle can then form hierarchical sheets and flower-like 
structures, Figure 5-4c.  Unlike literature studies, which have suggested homogenous formation 
of the nanoparticles and hierarchical morphologies in the presence of a single surfactant, the in-
situ crystallization of HA during HTL of algae lot# 2013 results in heterogeneous morphologies.  
The heterogeneity of the material could be due to the short reaction times compared to 
conventional HA synthesis techniques, or the presence of variable growth mechanisms due to 
localized biomolecules (i.e., fatty acids, amino acids, phospholipids) being present at different 





Figure 5-4. HA product consists of hexagonal nanorods, which assemble into hierarchal 
structures from bundles to sheets to flowers.  TEM images of (a) well-defined hexagonal 
nanocrystals which (b), aggregate to bundles along the c-axis.  SEM images of (c), ~40 µm 





 Algae lot# 2013, as the biogenic source for HA production, provides elements that favor 
ionic substitutions during calcium orthophosphates crystallization.  In addition to the carbonate 
B-type substitution shown in the FTIR (Figure 5-3b), other dominate substitutions in the HA 
product are shown by scanning electron microscopy-energy dispersive x-ray spectroscopy (SEM-
EDS), Figure 5-5, which include Mg and Si for Ca and P, respectively.  Additional elements 
preferentially retained (Table 5-1) in the HA product would be present as minor substitutions and 
show relatively small peaks on the EDS spectrum.  FTIR confirmation of these elemental 
substitutions was also found (Figure 5-3b); Mg substitution is indicated by the hydroxyl shift 
from the typical 3572 cm-1 to the observed 3564 cm-1.  Previously, this was seen when x = 2 in 
Mg substituted HA of the form Ca10-xMgx(PO4)6(OH)2.30  Mg results in lower IR absorbance of 
lattice -OH17, 18, consistent with Figure 5-3b.  The presence of silicate can be confirmed by the 






Figure 5-5. SEM-EDS imaging and spectrum of a single particle of solid HTL product, scale bar 
equals 10 µm, with elemental mapping of calcium, phosphorus, oxygen, magnesium, and silicon.    
 
5.4  Conclusions 
 The fundamental scientific method employed within this chapter, step-wise determination 
of elemental content and fundamental solid characterizations, led to the novel discovery that the 
hydrothermal liquefaction of wastewater-cultivated algae can result in not only significant 
organic conversion to biocrude oil but also large quantities of highly substituted (carbonate, 
magnesium, and silicon) pure phase hydroxyapatite.  This novel process is the first 
hydroxyapatite synthesis procedure to use both calcium and phosphorus from the same biogenic 
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source, which also provided biological crystallization directing agents (resulting in hierarchical 
micro structures produced from hexagonal nano-rods), and the source for the significant 
elemental substitutions present. 
 In conclusion, it is possible to mine municipal wastewater, through algae cultivation and 
hydrothermal processing, into value-added products, including a low oxygen content biocrude 
and significant amounts of highly substituted hydroxyapatite.  Hydroxyapatite has applications in 
use of fertilizers, heterogeneous catalysts, and tissue engineering scaffold materials; each with an 
increased value proportional to the quality control of a commercial scale production.  The next 
chapter of this dissertation will evaluate further in-situ synergies between the biocrude and 
hydroxyapatite as well as describe the potential tuning of the hydroxyapatite product by creating 
a secondary tricalcium phosphate phase. 
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6 Hydroxyapatite Synergies and its Potential Applications 
 The work in this chapter is used to confirm the hypothesis formulated at the end of 
Chapter 4: Demonstrating Sustainability through Wastewater-Cultivated Algae, that inorganics 
formed within the HTL solid product [now known to be hydroxyapatite(HA)] are performing 
catalytic roles in obtaining a biocrude with low oxygen content.  Evaluation of this hypothesis 
included obtaining both a detailed distillate and molecular profile for comparison with literature 
sources which have performed HTL on algae and subsequent thermal and catalytic treatment of 
the resultant biocrude.  In addition, since this work represents the first to create a HA material 
during the HTL of algae significant potential remains to understand how the material can be used 
as a higher-value product.  Two main hypotheses which were formulated based of the full 
characterization of the substitutions included: 1) the material could be altered to a secondary 
tricalcium phosphate phase through heat treatments and 2) since the material contains more 
bone-like substitutions it would be well suited for bioactivity as a tissue engineering scaffold 
material.  In order to evaluate each  hypotheses the HA product was 1) calcined at variable 
temperatures and evaluated for structure and functionality and 2) used as an in-vitro growth 
substrate for human Wharton’s jelly cells and evaluated with a live/dead assay.  The work 
presented in this chapter was collected in conjunction with Chapter 5 using algae lot# 2013 and 
has been published in Green Chemistry (2015), 17, 2560.   
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6.1 In-situ Catalytic Upgrading of the Biocrude from Hydroxyapatite Crystallization 
 HA is increasingly studied for its acid-base catalytic capabilities.  Typical catalytic 
applications of HA include dehydration (acid catalyzed) and dehydrogenation (base catalyzed)1, 
2, Guerbet coupling reactions3, and use as active metal support materials.4  While biocrude oil 
can be generated from a variety of feedstocks, it typically needs to be upgraded, or further 
processed for lower heteroatom content and more desired distillate fractions, in order to be easily 
integrated into current infrastructure for refining and transportation.  Therefore, creating a 
biocrude with lower oxygen and nitrogen, while increasing amount of lower boiling point 
distillate fractions, is of significant interest.  The HA produced by HTL of wastewater-cultivated 
algae provides in-situ upgrading in both accounts.  Complete analysis of molecular profile, 
resulting from the non-derivatized and MSTFA-derivatized samples are found in Figure 6-1 and 
Figure 6-2, respectively, with corresponding compound identification(s) found in Table 6-1 and 
Table 6-2, respectively.  The SimDist TGA profile and corresponding distillate fractions are 
found in Figure 6-3.  The biocrude product resulted in 80 wt% direct fuels and vacuum gas oil, 
and overall 96 wt% of the biocrude could be distilled below 600 °C.  GC-MS analysis on the 
biocrude indicates the direct fuels are highly aromatic with primary components including 
phenol, cresol isomers, dimethyl and ethyl phenols, and indoles, along with significant amounts 
of straight chain and branched aliphatics.  The vacuum gas oil primarily consists of free fatty 
acids and >C20 straight chain aliphatics.  The free fatty acids and methyl amine are shown in the 
MSTFA-derivatized GC-MS chromatogram.  Only one fatty acid amide was present, in small 
amounts, and no nitriles.  Studies have shown both thermal5 and catalytic6 upgrading treatments 
to reduce fatty acid amides and nitriles while producing lower boiling point aromatics and 
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aliphatics.  Roussis et al.5 explains a thermal upgrading pathway from amides to nitriles to 
aliphatics and aromatics at thermal treatment above 400 °C.  Within the biocrude produced from 
algae lot# 2013, small amounts of fatty acid amides, with no nitriles, and the presence of methyl 
amine suggests that HA product is catalyzing the dehydration pathway from amides to aliphatics 
and aromatics.  The three main stages of this pathway include dehydration of the amides to 
nitriles (reducing oxygen content by water removal), deamination of nitriles to alkanes and 
olefins (producing methyl amine), followed by dehydrogenation producing olefin isomers and 
aromatics.  Both the dehydration and deamination steps would be catalyzed by active acid sites 
while the dehydrogenation results from basic active sites.  It is hypothesized that the dehydration 
step is the rate limiting step while deamination occurs relatively quickly, due to the fact that 
small amount of amides where still identified and no nitriles were present.  Further evidence of 
HA catalysis can be found by comparing results to Bai et al. catalytically treated biocrude.6  
Their findings also included reduction of fatty acid amides and nitriles, and upon upgrading they 
began to form benzenamine and carbozole.  Both of these compounds are found within the 
biocrude from algae lot# 2013 (Figure 6-1, peak 23: benzenamine and Figure 6-2, peak E`: 
carbozole).  Additionally, Bai et al. determined catalytic treatment was required to achieve total 
distillation of >90 wt% at or below 600 °C, similar to the biocrude produced during HA 
crystallization. 
 The distillate fractions from the biocrude co-produced with HA, presented in Figure 6-3, 
more closely resemble Roussis et al. thermally-upgraded biocrude at 400 °C, especially in the 
lower boing point distillates.  The amount of vacuum gas oil and residual are more similar to 
Roussis et al. 350 °C upgraded oil, however, this is misleading because vacuum gas residuals 
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(which boil much higher than 600 °C) are cracking which produce higher amounts of >C20 
aliphatics, leading to more vacuum gas oils and remaining vacuum gas residuals which boil 
below 600 °C.  Overall, the distillate fractions, oxygen content, and molecular profile of the 



























































Table 6-1. Compound identification list from GC-MS analysis of biocrude from Figure 6-1; 
above 90% confidence as compared with NIST MS library. 
 
Retention 
Time Compound Name  
Retention 
Time Compound Name 
1 17.75 Ethylbenzene 23 55.93 N-(1-Methyl-2-propynyl)benzenamine 
2 18.23 1,3-Dimethyl benzene 24 56.74 2,3-Dimethyl indole 
3 19.20 1,3,5,7-Cyclooctatetraene 25 56.88 1-Pentadecene 
4 19.73 2-Cyclopenten-1-one 26 73.58 1,7-Trimethylene-2,3-dimethyl indole 
5 20.02 2,5-Dimethyl pyrazine 27 78.74 Heptadecane 
6 20.36 1-Methylethyl benzene 28 82.33 2-Isohexyl-6-methyl-1-heptene 
7 21.88 Dimethyl trisulfide 
29 
97.77 Phytene isomer 
8 21.96 Cyclotetrasiloxane 99.62 Phytene isomer 
9 22.18 Phenol 30 113.20 1-Methyl-9H-pyrido[3,4b]indole 
10 22.23 Methyl styrene 31 114.76 9H-Pyrido[3,4-b]indole 
11 22.70 2,3-Dimethyl-2-cyclopentene-1-one 32 129.35 Phytol 
12 22.76 2-Ethyl-6-methyl pyrazine 33 135.95 Hexadecanamide 
13 22.91 2-Ethyl-5-methyl pyrazine 34 148.94 Nonadecane  
14 23.68 2-Ethyl-5-methyl pyridine 35 157.94 > C20 alkane 
15 24.78 2-Methyl phenol 36 161.72 > C20 alkene 
16 25.65 4-Methyl phenol 37 161.88 > C20 alkane 
17 28.53 2-Ethyl phenol 38 164.06 1-(12-Methyltetradecanoyl) pyrrolidine 
18 29.17 2,4-Dimethyl phenol 39 164.60 > C20 alkane 
19 30.17 4-Ethyl phenol 40 166.80 > C20 alkene 
20 30.53 4'-Methylacetanilide 41 167.18 2-Pentacosanone 
21 39.15 Indole 42 169.97 Cholest-4-ene 
22 47.00 3-Methyl indole 





Figure 6-2. GC-MS chromatogram from the biocrude (derivatized) produced through HTL of 




Table 6-2. Compound identification list from GC-MS analysis of biocrude from Figure 6-1; 
above 90% confidence as compared with NIST MS library. 
 
Retention 
Time Compound Name  
Retention 
Time Compound Name 
A 17.33 MSTFA 
B` 
97.68 Phytene isomer 
B 17.86 Ethylbenzene 99.64 Phytene isomer 
C 18.32 1,3-dimethylbenzene C` 100.73 Tetradecanoic acid 
D 18.40 Dihydroxy(dimethyl)silane D` 112.96 1-Methyl-9H-pyrido[3,4-b]indole 
E 18.59 Methylamine E` 113.92 9H-Carbazole 
F 19.29 1,3,5,7-Cyclooctatetraene F` 120.95 9-Hexadecenoic acid 
G 19.79 2-Methyl-2-cyclopenten-1-one G` 123.40 Hexadecanoic acid 
H 20.29 2-Methylbutyric acid H` 132.94 Heptadecanoic acid 
I 20.40 Cumene I` 135.39 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 
J 20.68 3-Methylbutanoic acid J` 138.58 9,12-Octadecanoic acid 
K 21.08 Piperidine 
K` 
139.30 Oliec acid isomer 
L 21.19 Hydrogen sulfide 139.60 Oliec acid isomer 
M 21.92 Dimethyl trisulfide 140.10 Oliec acid isomer 
N 22.25 Methyl styrene 140.50 Oliec acid isomer 
O 23.69 2-Ethyl-5-methylpyridine 140.80 Oliec acid isomer 
P 24.59 Phenol 141.20 Oliec acid isomer 
Q 27.98 2-Methylphenol L` 142.40 Octadecanoic Acid 
R 28.42 Pyridine M` 148.97 Nonadecane  
S 28.08 4-Methylphenol N` 157.98 > C20 alkane 
T1 28.60 Piperdine (co-elute) O` 158.90 11-Eicosenoic acid 
T2 28.60 6-Propylquinoline (co-elute) P` 159.79 Eicosanoic acid 
U 31.91 3-Hydroxy-6-methylpyridine Q` 161.70 > C20 alkene 
V 33.48 2,4-Dimethylphenol R` 164.04 1-(12-Methyltetradecanoyl)pyrrolidine 
W 34.39 2,5-Dimethylphenol S` 164.60 > C20 alkane 
X 51.00 Indole T` 166.70 > C20 alkene 
Y 56.88 Pentadecene U` 167.19 2-Pentacosanone 
Z 59.58 3-Methyl indole V` 167.80 Tricosanoic acid 







Figure 6-3. Simulated distillation via TGA of the biocrude and corresponding distillate fractions 
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6.2  Phase Tuning of Hydroxyapatite  
 Ionic substitutions in HA can promote thermal transformation to tricalcium phosphate 
(TCP) at temperatures above 600 °C.7-9  Multiphasic calcium orthophosphates (mixtures of HA 
and TCP) as biomaterials are known to have high osteogenicity and osteoinductive properties7, 
particularly in achieving an optimum balance between the more stable HA and more soluble 
TCP.10  Thermal treatment of the HA product steadily transforms the material to TCP with 
intermediate temperatures giving variable biphasic mixtures.  XRD and FTIR analysis of 
thermally treated HA product in 100 °C increments from 500 °C to 900 °C are depicted in Figure 
6-4.  Residual organics from HTL processing are removed at 500 °C, as observed by the 
disappearance of the C-O peak at 1563 cm-1 and the C-H bands at 2852 & 2922 cm-1 (not shown) 
in the FTIR spectra.  However, the XRD spectrum indicates that thermal treatment at 500 °C 
does not alter the HA structure.  The FTIR at 500 °C retains significant carbonate peaks at 1417 
& 1452 cm-1, indicative of B-type, or PO4, substitution.  These ionic substitutions can distort the 
lattice and compensate charge by creating hydroxyl vacancies resulting in a reduction of FTIR 
stretching intensity11, as seen with HA product (Figure 5-3 & Figure 6-4). 
 A clear decrease in the FTIR carbonate bands (1417 & 1452 cm-1) is observed with 
increasing thermal treatment.  The XRD spectra defines the onset of transition from HA to TCP  
at 600 °C and corresponds to the loss of carbonate bands, indicating that carbonate 
decomposition plays a role within phase transformation.  The TGA for the ultimate analysis of 
the HA product, shown in Figure 6-5, indicates there are four main areas of decomposition 
between 600-850 °C.  Loss of carbonate ions within the lattice of substituted HA is still an active 
area of research, trying to understand how relationships between lattice dimension, density, and 
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solubility variances as carbonate is liberated.12, 13   The TGA plot (Figure 6-5) shows that 500 °C 
is sufficient to remove all residual organics remaining from HTL while still obtaining a pure 
phase HA material [XRD analysis (Figure 6-4)].  The amount of solid product leaving the HTL 
reactor, 68 wt% represents a refined substituted HA product. 
 Three regions in the XRD pattern can be used to monitor phase transformation from HA 
to TCP; indicated in Figure 6-4 by dashed red lines.  First, the peak at 2θ = 30.5° is unique to 
TCP, initially observed at 600 °C, and grows with increasing temperature.  Second, the primary 
HA peak (2θ = 32.0°) shifts to 31.5°, characteristic of TCP.  Third, the peaks at 2θ = 47° & 50° 
for HA shift closer together to 47.5° & 48.5°, indicative of the TCP structure.  The transition 
from HA to TCP is nearly complete after thermal treatment at 900 °C, when comparing the XRD 









Figure 6-4. HA product transforms to tricalcium phosphate in stages up to 900 °C.  Powder XRD 
integration of 2θ from 20° to 70°; TCP begins to form at 600 °C until it is the primary phase at 
900 °C.  Dashed red lines indicate characteristic peaks for TCP.  FTIR spectrum(s) showing 
hydroxyl (3300- 3800 cm-1), carbonate (1300-1600 cm-1) and phosphate (500-1300 cm-1) 
regions.  TCP retains silica substitution dissimilar to the TCP form during combustion of algae 





 Significant broadening of the phosphate shoulder peaks at 800- 1000 cm-1 in the FTIR 
patterns occur with increasing thermal treatment.  Broad shoulders with multiple peaks are unlike 
typical FTIR patterns for TCP, which have a sharp peak near 983 cm-1 and small shoulder at 947 
cm-1, similar to algae lot# 2013 ash spectra shown in Figure 5-3b.  These shoulders are attributed 
to SiO44- substitution, which have been seen in pure Si-HA.14  However, the XRD profiles 
suggest that the SiO44- is actually within the TCP phase, suggesting the Si present in HA is 
retained during the transformation to TCP.  If the Si was not integrated in the TCP structure, 
FTIR peaks for silicate or poly-silicate would expected to be observed, similar to the algae lot# 
2013 ash, with increasing thermal treatment.  However, no characteristic peak for amorphous 




Figure 6-5. HA (HTL solid product) proximate analysis and corresponding TGA plot; carbonate 
loss associated with phase change are indicated with asterisk. 
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 Transformation to the TCP phase induces globular morphological changes, as shown 
through SEM images in Figure 6-6.  The combination of both phase and morphological changes 
that occur through simple heat treatments of the HA product allows tunability within each 
market, catalysis and/or biomedical. 
 
 
Figure 6-6. SEM image of HTL solid product from algae lot# 2013 after calcining in air at 900 
°C; hexagonal nano-rods (shown in Figure 5-4) have sintered into a globular morphology 
indicative of TCP. 
 
 HA is primarily a non-porous crystal which exhibits acid-base activity on external crystal 
surfaces.  The amount and strength of the active sites are a function of Ca/P ratio, substitutions, 
and crystal morphology; each altering which atoms are exposed on the crystal surface.15-18  
Silvester et al.15 contribute P-OH as Brønsted acid sites and the Ca2+ and OH vacancies as Lewis 
acids.  Yan et al.1 describe when organics adsorb on the HA surface, a P-OH complex is formed 
and catalytically dehydrates lactic acid to acrylic acid.  Once the molecule desorbs from the 
surface the P-O- is regenerated.   
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 A closer view of the FTIR hydroxyl stretching area of the HA product in Figure 6-4 show 
two things; 1) the lattice hydroxyl peak is extremely small from considerable hydroxyl vacancies 
(or Lewis acids),15, 16 and 2) the there is a pronounced P-OH complex peak.16  Removal of 
organics at 500 °C results in no changes to lattice hydroxyls, however, the P-OH complex is lost 
suggesting the original P-O- is regenerated.  These results demonstrate that regeneration can be 
achieved through minimal heat treatment and create a pure phase HA product stream after the in-
situ synthesis of a HA catalyst which, compared to the evaluation of Silvester et al.15 and Yan et 
al.1 contains Brønsted and Lewis acid sites.  Overall, the contribution of these active sites 
provide the means for in-situ catalytic upgrading of the biocrude produced, as previously 
discussed in section 6.1.   
6.3 Cell Culturing on Hydroxyapatite Product 
 The substituted HA structure formed with HTL of algae lot# 2013 shows great promise 
for biomedical and bioengineering applications.  Although natural bone is mainly Ca2+ and PO43-
, it also incorporates other ions of CO32-, SiO44-, and Mg2+.  These substitutions, and optimizing 
HA/TCP ratio through calcination, can help HA behave more like natural apatite in human bone 
and increase bioactivity to allow steady bone regeneration over an extended period of time.9, 19  
The first stage chosen to evaluate efficacy for bone scaffolds or regenerative materials was to 
determine whether human Wharton’s jelly cells (hWJCs) will attach to the material.  It was 
observed within 1 day of seeding hWJCs on the HA product calcined at 600 °C, cells began to 
attach and showed beginning stages of morphological changes.  After 10 day incubation, a 
live/dead assay was performed; the images in Figure 6-6 show living cells which are clearly 
108 
 
attached to the HA product through extended filopodia.  These promising results strongly 
warrant further investigation to understand if the HA product will promote a genetic response 
toward an osteogenic lineage.  If so, this process could provide a cheap and effective alternative 
to producing bone-like apatite, greatly contributing to higher-value product streams for the HTL 
of algae. 




Figure 6-7. Human Wharton’s jelly cells attached to HA product.   Live/ dead assay micrograph 
after 10 day incubation on HA product calcined at 600 °C.  Live cells fluoresce in green, dead 
cells fluoresce in red.  The HA product interacted with the florescent components to induce auto 




 The work in this chapter confirmed the overall hypothesis that crystallizing 
hydroxyapatite within the reactor for the HTL of wastewater-cultivated algae resulted in catalytic 
upgrading of the biocrude product.  Particularly, in the dehydration of fatty acid amides to 
alkenes and aromatics, overall reducing the amount of oxygen content of the resultant biocrude 
and producing an increased amount of (desired) lower boiling point distillate fractions.  The 
biocrude was found to achieve >90 wt% distillation below 600 °C, where previously had only 
been reported when thermally or catalytically treated. 
 In addition, both hypotheses formulated to evaluate the hydroxyapatite product for 
higher-value applications were confirmed.  There existed gradual phase tunability with a 
secondary tricalcium phosphate phase, utilizing a simple calcination procedure. Steady increases 
in calcination temperature decomposed carbonate substitutions within the hydroxyapatite, 
resulting in increased degree of tricalcium phosphate phase, up to 900 °C, where primarily 
tricalcium phosphate was present.  Once the material was in the tricalcium phosphate phase, it 
was determined silicon substitution remained and induction of globular morphologies occurred.   
Phase tunability of the hydroxyapatite product could greatly enhance functionality within it 
respective markets, controlling factors such as catalytically active sites and solubility for either a 
fertilizer or biomedical material.  The preliminary cell culturing study indicated attachment and 
morphological changes occurred with the growth of Wharton’s jelly cells after 10 day incubation 
in-vitro. 
 This work represents the first of its kind to produce a catalyst and utilize active sites in-
situ during the HTL of algae.  Further, the catalytic active sites can be regenerated and 
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potentially tuned with a simple heat treatment, potentially making the overall HTL of 
wastewater-cultivated algae process a high-value catalysts producer with a by-product of high 
quality renewable crude oil.  This work also represents novel formulation of potential biomedical 
materials; linking the traditionally separate fields of study including environmental remediation, 
energy, and medicine.   
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7 Future Directions  
 This chapter details future studies (as it pertains to the findings of this dissertation and the 
incorporation of hydrothermal liquefaction of algae) that have been deemed most significant to 
advance current knowledge and data found within the field for creating increased sustainability 
and end-use applications.  Three main areas of focus to be discussed include liquefaction studies, 
post catalytic studies for the hydroxyapatite product, and bioactivity of the hydroxyapatite 
product for medical use. 
7.1  Furthering Liquefaction Studies 
7.1.1 Increasing Biocrude Productivity through Activated Municipal Sludge  
 The data presented in this dissertation and among collaborating researchers1-4 have shown 
that municipal wastewater contributes a fraction of a local population’s fuel demands; therefore 
increasing liquid fuel production from a sustainable pathway can have greater long-term 
significance for contributing to end-use biofuels.  The proposed investigation to further the 
biocrude productivity of a wastewater treatment plant includes the co-liquefaction of discarded 
activated municipal sludge (AMS) and algae. 
 Few studies have presented data on the liquefaction of AMS5-7 and bacteria8, where most 
interest with the hydrothermal conversion has been at lower temperature carbonization9-11 for 
producing a coal supplement/ substitute or a soil conditioner.11  Typically, the biocrude produced 
from the liquefaction from AMS has slightly lower yields, lower carbon and higher oxygen 
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content then compared to algae.5, 7, 8  However, addition of calcium oxide has shown to facilitate 
hydrolysis and deamination processes.7 
 The present hypothesis is that co-liquefaction of wastewater-cultivated algae, similar to 
those evaluated in this dissertation, and AMS will perform the following: 1) addition of more 
total biomass for higher overall biocrude return, 2) AMS has the potential to also crystallize 
hydroxyapatite in-situ, if not, the algae can facilitate crystallization while AMS can contribute 
more carbon, calcium, and phosphorus to the process, and 3) in-situ upgrading of biocrude 
produced from co-liquefaction of algae and AMS will result in lower overall oxygen content 
similarly to HTL of algae alone. 
 The suggested study involves a simple experimental plan well suited for the current 
research group and its collaborators, which includes the following:  Once the AMS is obtained 
from the Lawrence Wastewater Treatment Plant and characterized (similarly to algae biomass in 
this dissertation), perform HTL experiments on the AMS alone, as a baseline, and mixed with 
wastewater-cultivated algae.  The evaluation of hydroxyapatite crystallization should be 
performed after each HTL experiment as well as all relevant HTL product characterizations. 
 This study has the potential to utilize valuable nitrogen and phosphorus in a responsible 
manner and “recycle” carbon into usable fuels and chemicals, overall, increasing productivity 
and sustainability of algae-based biofuels and chemicals 
7.1.2 Fraction Distillation of Biocrude for Complete End-Use Characterization 
 Growing interest within hydrothermal liquefaction (of algae) and the promise it has for 
commercial scale production warrants insight into end-use applications and scope of downstream 
processing.  To date, insufficient characterization(s) of the whole biocrude has been reported, 
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particularly limited to those presented in this dissertation (GC-MS, simulated distillations, and 
elemental content(s)).  Recently, techniques such as two dimensional nuclear magnetic resonance 
(2D-NMR) and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) have 
been employed to understand relationship between molecules which have heteroatoms (O & N) 
within a particular carbon number.12-14  These techniques begin to evaluate molecules of the 
biocrude product which are out of the range for GC-MS which contribute to the understanding of 
the complexity of the biocrude but fundamentally lack insight into creating an end-use product. 
 Moving toward commercial use of biocrude (in place of petroleum) will require efforts 
for end-use application studies and characterizations.  Therefore, it is believed the first step in 
this direction is to obtain significant quantities of biocrude and perform fraction distillation prior 
to characterization and upgrading.  Evaluating individual distillate fractions will aid in 
determining optimal upgrading techniques to employ, or targeted markets for an increased return.  
This type of study has not been demonstrated in the literature and could provide insightful 
advantages or disadvantages to HTL biocrude.  The current research group has existing 
equipment that could be used to perform necessary studies.  Currently housing a 4.8 L reaction 
vessel capable of safely operating in the supercritical water regime which can be used for 
obtaining significant quantities of biocrude, and a vacuum distillation apparatus which is design 
for specific ASTM methods for biodiesel, which could be slightly altered to acquire 
fractionation.  It is believed that once individual fractions are obtained of various distillates 
thorough characterizations (GC-MS and ultimate analysis) will reveal individual distillate 
fractions contain various commodity chemicals and heteroatom content(s).  Once identified, 
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further research could be performed into purification and upgrading strategies to optimize 
higher-value product streams.   
7.1.3 Continuous HTL Operation with Regenerative Recycle 
 In reference to the data presented and conclusive findings of this dissertation, a 
completely novel approach to hydrothermal liquefaction of algae is suggested.  A common and 
well-studied unit operation in chemical engineering is the fluidized catalytic cracking (FCC) 
unit.  Since the HTL of wastewater-cultivated algae has resulted in the synthesis of a beneficial 
heterogeneous catalyst, which has shown regenerative capabilities through simple heat treatment, 
a FFC unit could be used as the reactor/ catalyst regenerator/ recycle to fully utilize the catalytic 
potential of hydroxyapatite in dehydration reactions further reducing overall oxygen content of 
the biocrude produced.  Thoughtful in the design of the FCC unit, the purging of (typically spent) 
catalyst would actually become a high-value product stream of the refined hydroxyapatite.   
 This type of operation would benefit HTL of algae in multiple ways, including: valuable 
heat integration from flue gasses from the regenerator, optimizing usability of acid-base catalytic 
power of hydroxyapatite by ensuring available active sites at all times of operation, potentially 
obtaining a superior hydroxyapatite product by removing unwanted impurities as the material 
continuously alters through crystal growth and regenerative sintering, and minimizing overall 
operational cost by maximizing catalytic efficiency. 
7.2  Continuing Catalytic Studies of Hydroxyapatite Product 
 As an acid-base catalyst, HA is has been used to catalyze a number of reactions including 
dehydration and dehydrogenation reactions15-20, Guerbet alcohol coupling21-25, and Michael 
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addition.26  Two reactants of particular interest include both ethanol and lactic acid, both 
produced through conventional fermentation of biomass and its components.  Therefore, it is of 
great interest to find efficient and environmentally friendly reaction pathways to transform these 
chemicals to commodities and value-added products.  HA has proven to be a suitable catalyst for 
the conversion of either reactant because acid-base properties can be tuned by altering HA 
synthesis procedure and changing the Ca/P molar ratio resulting in higher acid or basic sites, 
resulting in variable selectivity to dehydration or dehydrogenation products, respectively.  
Stoichiometric HA, Ca10(PO4)6(OH)2, has the Ca/P ratio of 1.67, higher acid or basic sites are 
found at Ca/P < 1.67 and ≥1.67, respectively.  The HA produced through the liquefaction of 
wastewater-cultivated algae shows the phase can be slowly altered through increasing calcination 
temperature to more basic tricalcium phosphate (TCP), Ca3(PO4)2, thus, it is proposed that acid-
base properties of the HA product can be easily tuned for desired reactions and selectivities 
without altering the synthesis procedures and only employing variable calcination temperatures 
resulting in different ratios of HA and TCP. 
 Acid-base properties of HA with various Ca/P ratios have been reported to achieve total 
conversion of dehydration lactic acid where highest selectivity (60%) to acrylic acid using the 
lowest Ca/P ratio and thus highest number of acid sites.27  Alcohol coupling or Guerbet alcohols 
were found to have the highest selectivity with HA with increasing Ca/P ratios with higher basic 
sites25, where TCP showed higher alcohol coupling rate compared to HA.24  The HA produced in 
this dissertation should lead to interesting acid-base properties, where it is unknown how the 
multitude of substitutions will affect the overall acid-base properties of the material.  Recent 
studies have begun to identify some substitution effects on catalytic sites, including CO3/ Na,28 
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Mg,29 and Sr/ Pb/ VO4.30  In the case of CO3 and Na, acid site density were found in the order of 
Ca-deficient > stoichiometric > carbonate-HA > Na/CO3-HA > CO3 rich-HA > Na/CO3 rich-HA 
which directly correlated to the selectivity of propylene from isopropyl alcohol (90% - 5%).  In 
contrast, catalytic basicity (selectivity of acetone from isopropyl alcohol) had the exact opposite 
trend (5% - 70%).  The degree at which the HA produced in this dissertation is substituted, both 
anionic and cationic, primarily with CO32-, SiO44-, Mg2+ would give significant quantities of both 
acid and base active sites.  It is believed the HA product will contain more acid than basic sites 
and as the calcination temperature increases, changing the phase toward TCP, the basic sites will 
increase due to more exposed PO4 ion in the TCP structure because of changing morphology (as 
shown in Figure 5-4 and Figure 6-6).  However, the biphasic intermediate temperatures could 
potentially form interesting ratios and strengths of both acid and base sites and therefore each 
temperature should be carefully considered for future catalytic reactions. 
 There have been an increasing number of research articles, published in the current year 
(2015),31-42 incorporating and understanding hydroxyapatite’s catalytic ability which have 
demonstrated extreme versatility as an effective green catalyst in a variety of reactions including 
hydrogenation, oxidation, hydrocracking, and photocatalytic degradation and have also shown 
that hydroxyapatite can be used as-is or as support material for gold, ruthenium, cesium, 
rhodium, and lanthanum.  Therefore, there is a strong urge to demonstrate the activity (and 
versatility) of the hydroxyapatite co-produced with biocrude from algae.  The suggested starting 
point is the full characterizations of acid-base active sites through temperature programmed 
desorption of both ammonia (for acid sites) and CO2 (for basic sites) at each calcination 
temperature presented in section 6.2, followed by a simple and straight forward reaction study 
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converting isopropyl alcohol to either acetone or propylene utilizing current set-up in 
conjunction with the Unit Operations laboratory for undergraduate coursework at the University 
of Kansas.  Other suggested studies are to follow similar studies to that of Tsuchida et al.23 and 
Ghantani et al.27 for conversion of ethanol and lactic acid, respectively. 
7.3  Bioactivity and Genealogical Promotion Studies of Hydroxyapatite Product 
 Differentiating stem cells toward an osteogenic lineage has been a top area of interest in 
regenerative medicine for bone reconstruction and tissue engineering for over two decades.43  
One component of bone is natural apatite material; therefore, hydroxyapatite (HA) was a likely 
candidate for regenerative bone engineering and proved itself for scaffolding materials many 
years ago.44  Synthetic HA has demonstrated bone-like bioresorption,45 biocapatability,44 and 
genealogical lineage differentiation (the ability to promote stem cells toward a specific 
phenotype; in this case osteocytes).46  Multiple studies have shown silicon substituted HA can 
increase the efficacy of for bone regeneration.47 
 Natural bone is mainly Ca2+ and PO43-, it also incorporates other ions of CO32-, SiO44-, 
and Mg2+.  As these substitutions are found in the HA product in this work, in conjunction with 
optimizing HA/TCP ratio through calcination, it is believed this HA will behave more like 
natural apatite in human bone and increase bioactivity to allow steady bone regeneration over an 
extended period of time.45, 47 
 Continuing bioactivity efforts will strengthen higher-value market targeting for 
commercial use of these products.  Suggested studies include evaluating genealogical lineage 
similar to Guo et al.44  or Cameron et al.46 using simple disk pellets as a scaffold from a HA 
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materials and evaluated in-vitro culturing mesenchymal stem cells (MSCs).  Evaluation of the 
gene expression is suggested to be conducted similarly to the study by Cameron et al.46 
evaluating gene markers endoglin (CD105), runt related transcription factor 2 (RUNX2), 
parathyroid hormone recepot 1 (PTH1R), collagen type 1 (Col1a1), osteocalcin (BGLAP), and 
dentin matrix acidic phophoprotein 1 (DMP1).  A simple description of each gene is provided in 
Table 7-1. 
 
Table 7-1. Genes and their descriptions expressed through the osteogenic lineage from 
mesenchymal stem cells (MSCs).46 
Gene Description 
CD105 cell surface receptor commonly associated with MSCs, and decreases in expression as these cells differentiate 
RUNX2 a key role in osteoblast differentiation, indicating onset 
PTH1R expression is associated with endochondral ossification and plays a vital role in calcium homeostasis in bone 
Col1a1 early marker of osteoblast differentiation and a reporter of osteoblast activity 
BGLAP late marker of osteoblast differentiation, expressed at the onset of mineralization 
DMP1 Expressed by terminally differentiated osteocytes 
 
It is suggested to create pressed disks of the hydroxyapatite material to perform in-vitro studies.  
Two methods could be used when pressing the disks, 1) calcine the powder HA material directly 
from the reactor and use a circular die (roughly 14 mm diameter and 1 mm thick)46 using a 
hydraulic or mechanical press (pressures may need to be experimented with to obtain a 
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mechanically stable disk) and 2) press the HA material directly from the reactor and then calcine 
the material.  The latter may form a macro-porous disk from the removal of the organics which 
could create higher surface area for increased cell attachment.  Once the scaffolds are created 
MSCs should  be cultured in an osteogenic medium including 50 µM ascorbic acid phosphate, 10 
mM β-glycerophosphate, and 100 nM dexamethasone, replacing media three times every 7 
days.46  Post cell culturing, total RNA extraction and RT-PCR performed to evaluate gene 
expression for those listed in Table 7-1 following protocol from Cameron et al.46  Advantages 
may arise between the variable phase mixtures (HA/TCP) produced through increased 
calcination temperatures and therefore, it is suggested each temperature is to be carefully 
considered for optimum performance in osteogenic differentiation.  Further studies may also be 
considered for protein drug delivery applications, following similar studies to that of Zhao et al.48 
which has shown promising results based off of flower-like morphologies of HA materials 
similar to those found with the HTL of wastewater-cultivated algae.  
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8 Concluding Remarks 
 The hydrothermal liquefaction of wet algae biomass presents promising results for 
creating renewable fuels and chemicals to replace its petroleum counterparts, while reaching 
towards federal goals of producing 36 billion gallons of renewable fuels by 2022.  The work 
presented in this dissertation substantially alleviates concerns for algae-based fuels and 
chemicals in terms of sustainability and economics.  This dissertation demonstrates municipal 
wastewater is suitable for algae cultivation and provides multiple benefits, particularly achieving 
advanced wastewater treatment and environmental remediation while cheaply cultivating 
biomass.  Combining hydrothermal liquefaction as part of the holistic strategy produces a 
carbon-rich crude oil, with relatively similar properties to that of petroleum, alongside solid and 
aqueous co-products.  Algae cultivation with municipal wastewater results in relatively low (10 
dw%) cellular oils and relatively large amounts of inorganic ash fraction (24-29 dw%) which is 
composed largely of calcium and silicon.  Post liquefaction, half of the algal carbon is partitioned 
into the biocrude product, and the remainder is partitioned in a 20-20-10 (wt%) for solid, gas, 
and aqueous fractions, respectively.  A significant portion of the algal nitrogen (45 wt%) resides 
in the aqueous product and almost all the algal phosphorus (95 wt%) accumulates into the solid 
product.  In terms of nutrient recovery and re-use, these numbers hold great significance, and 
pose prospect in recovering future fertilizers from municipal wastewater. 
 The biocrude produced from hydrothermal liquefaction of wastewater-cultivated algae 
has superior quality compared to many previous studies using fertilized monocultures, in terms 
of heteroatoms (5-7 wt% oxygen) and energy content (39 MJ kg-1), while resulting in significant 
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amounts of aliphatics (straight and branched ) which can be used as direct fuels and lower order 
aromatics (phenolics).  The biocrude was shown to be comprised of 36 wt% direct fuel distillate 
and have a higher limit distillate temperature of 600 °C, where 96 wt% of the biocrude boiled 
below 600 °C.  Macro-algae derived biocrude, compared to biocrude derived from micro-algae, 
produced slightly less desirable oxygen content but much higher amounts of lower boiling point 
compounds and aromatics and, while not quantified, had a much lower viscosity.  Overall, 
hydrothermal liquefaction of wastewater-cultivated macro-algae resulted in similar yields of 
biocrude but with higher fraction of direct fuel distillates which would require more heteroatom 
removal compared to micro-algae.  
 High production yields of solid product (29- 45 dw%) from the liquefaction of 
wastewater-cultivated algae warranted extensive investigation, which lead to the discovery of 
high-value product determination and a mechanistic understanding of the more desired biocrude 
properties as compared to previous studies throughout the literature.  It was determined that the 
solid product consisted of highly substituted (silicon, magnesium, and carbonate) hydroxyapatite 
hexagonal nano-rods which underwent hierarchical micro structuring into bundles, sheets, and 
flower-like morphologies.  The crystallization and presence of hydroxyapatite in the reactor 
provided effective means of catalytic dehydration of fatty acid amides into methyl amine and 
alkenes, while also providing necessary acid-base chemistries for cracking high boiling distillate 
fractions.  The substitutions within the crystal lattice provides mean for phase tunability with 
tricalcium phosphate which can increase usability within the market place as either a primary 
acid or base catalyst as well as contribute to the bioactivity as a medical scaffolding material.  
Phase tunability studies indicated that residual organics within the hydroxyapatite are easily 
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removed and regenerate catalytically active intermediate Brønsted acid sites.  Once the material 
was fully transitioned into the tricalcium phosphate phase it was determined silicon substitutions 
remained in the material.     
 Crystallization of hydroxyapatite directly from algae using hydrothermal liquefaction 
represents a new value stream for traditional algae biofuel production.  It was found a reasonably 
small municipal wastewater treatment plant (serving population of ~80,000, with average flow of 
12 million gallons per day) could produce up to 18 barrels of biocrude and 2000 kg of refined 
pure phase substituted hydroxyapatite per day, while simultaneously reclaiming nitrogen and 
phosphorous.  Data suggests that a commercial scale hydrothermal liquefaction plant can now 
have the ability to synthesize a catalyst within the process, utilize its catalytic ability in-situ and 
upon regeneration, produce a high-value product stream.   
 This novel approach for creating high-value product streams from water reclamation 
sources can have significant impacts to tax payer dollars, creating profit for a traditionally 
regulatory industry while contributing to biofuels, green catalysis, and medicine.  These findings 
provide the basis for new developments in algae-based fuels, chemicals, and bioproducts at both 
the fundamental and macro commercialization levels, where the full impacts into heterogeneous 
catalysis and tissue engineering applications are widely unknown. 
 
 
 
 
